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SEssIoNn oF THursDAY MorniING, DECEMBER 26 


The Forty-second Annual Meeting of the Geological Society of America 
was called to order in the Theatre of the Wardman Park Hotel, Wash- 
ington, D. C., at 9 a. m., by President Ries. It was arranged that the 
first hour should be given to business matters and that this should be fol- 
lowed by the scientific papers. 

The official program was: presented and announcement made that the 
printed Report of the Council would be available later for general dis- 


tribution. 


REPORT OF TITLE COUNCIL 


To the Geological Society of America, in forty-second annual meeting 
assembled: 


The regular annual meeting of the Council was held at New York, 
New York, in connection with the Annual Meeting of the Society, 
December 26-29, 1928. Special meetings of the Council also were held 
in New York City on April 6, 1929, and October 26, 1929. 

The details of administration for the forty-first year of the existence 
of the Society are given in the following reports of the officers: 


PRESIDENT’S REPORT 


Yo the Council of the Geological Society of America: 


My report for the year ending November 30, 1929, is as follows: 

There is little for the President to report regarding his own activities 
as most of the society’s business is attended to in an admirable and 
efficient manner by the Secretary, Treasurer, Editor, and the various 
committees. 

While referring to the work of the several offiezrs, the President takes 
great pleasure in mentioning specially the work of Mr. J. Stanley- 
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Brown, Editor, who has just completed his thirty-fifth year of service 
which is the longest that any officer of the Society has ever given. 

The duties of the Editor are at times strenuous, and they are not 
always pleasant, as he has to watch the printers on the one hand, and 
the authors on the other. He can, however, view with pride and 
satisfaction the volumes of the Society which have been issued during 
his term of office, for they represent a mass of editorial work that forms 
a striking testimonial to his efficiency, and loyal effort, as well as a 
splendid record of the work of our members. 

The most important action taken by the Council this year was that 
of having the Society incorporated. The advantage of this is that it 
lezalizes the transactions which the Society may make in the handling 
and investment of funds, whatever their nature or the source from which 
they may come. The committee authorized at the last annual meeting 
to accomplish incorporation included Charles P. Berkey, chairman, 
H. Foster Bain, J. Stanley-Brown, Heinrich Ries and Henry Fairfield 
Osborn. A corresponding committee, made up of J. Stanley-Brown, 
chairman; R. A. F. Penrose, Jr., and H. B. Kummel, prepared a new 
set of by-laws, which, together with the Articles of Incorporation, take 
the place of the former constitution and by-laws of the Society. These 
will be printed in the next volume of the Bulletin. Great credit is due 
to the committees having this important work in charge. 

The other committees appointed by the President, and which have 
functioned during the past year are given below. 

Membership Committee: Henry B. Kummel (Chairman), William 
Wrather, Herdman F. Cleland. 

Committee on Foreign Correspondents: Waldemar Lindgren (Chair- 
man), William B. Seott, Arthur P. Coleman, Andrew C. Lawson. 

Finance Committee: Edward B. Mathews (Chairman), Fred E. 
Wright, Joseph Stanley-Brown, R. A. F. Penrose, Jr. 

Committee on Business: Charles P. Berkey, Edward B. Mathews, 
Joseph Stanley-Brown, H. Foster Bain, George R. Mansfield. 

Committee on Foreign Exchanges: Charles Schuchert (Chairman), 
Edward W. Berry, Henry 8. Washington. 

Penrose Medal Committee on Award: U. 8. Grant (Chairman), 
David White, Whitman Cross, Arthur P. Coleman, Arthur L. Day, 
W. C. Mendenhall, R. A. Daly. 

Committee on By-Laws: Joseph Stanley-Brown (Chairman), R. A. 
F. Penrose, Jr., Henry B. Kummel, Heinrich Ries, Charles P. Berkey. 

Special Committee to consider cooperation with International Union 
of Scientific Radio Telegraphy: Fred E. Wright, W. Bowie, H. Fielding 
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Local Committee for the Washington meeting: George R. Mansfield 
(Chairman). 

The Society of Economic Geologists: Delegate, George R. Mansfield. 

The Joseph A. Holmes Safety Association: Representative, John J. 
Rutledge. 

Federal Board of Surveys and Maps: Representative, George W. 
Stose. 

Fourth Pacific Science Congress: Delegates, Andrew C. Lawson, 
George D. Louderback, T. Wayland Vaughan. 

Fifteenth International Geological Congress: Delegates, Charles P. 
Berkey, Rollin T. Chamberlin, Douglas Johnson, Edward B. Mathews, 
B. L. Miller, Joseph T. Singewald, Jr., Bailey Willis, Frederick L. 
Ransome, Alan M. Bateman. 

Respectfully submitted, 
H. Ries, President. 


Secretary’s Report 
To the Council of the Geological Society of America: 

The Secretary’s annual report for the year ending November 30, 
1929, is as follows: 

Meetings.—The proceedings of the annual meeting of the Society, 
held in New York, New York, December 26-29, 1928, have been 
recorded in volume 40, pages 1-160 of the Bulletin. Those of the Cor- 
dilleran Section, pages 161-178 of the Bulletin; of Section E of the 
American Association for the Advancement of Science, pages 179-206; 
of the Paleontological Society, pages 207-272; of the Mineralogical 
Society, pages 273-280 of the same volume. 

Membership.—During the last year the Society has lost by death four 
Fellows—George P. Merrill, Arthur M. Miller, John F. Newsom, and 
Horace B. Patton. The names of the two candidates for Correspondent- 
ship and the fifteen candidates for Fellowship, elected at the New York 
meeting, have been added to the printed list. No names have been 
dropped from the list for non-payment of dues. There has been one 
resignation. The present enrollment of the Society is 562. Thirty- 
three candidates for Fellowship are before the Society for election, and 
a number of applications are under consideration by the Council. 

Distribution of the Bulletin—During the past year there have been 
sent out to domestic subscribers 211 copies and to foreign subscribers 
98 copies of the Bulletin, 32 going to new subscribers. This shows an 
increase in subscriptions over last year of 26 copies. Eight volumes 
have been distributed gratis, as follows: The Library of Congress; the 
Government Geological Surveys of the United States, Canada, and Mex- 
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ico; the Bureau of Science, Manila, Philippine Islands; the Smith- 
sonian Institution, Washington, D. C.; the Case Library, Cleveland, 
Ohio; the Columbia University Library, New York City. The present 
exchange list comprises 53 addresses. 

The receipts of this office, including subscriptions to and sales of the 
Bulletin and separate brochures therefrom, are summarized as follows: 


Detailed Financial Statement of the Secretary’s Office 


RECEIPTS 
Printing contribution from Professor Schuchert...................... 150.00 
RECEIPTS FOR SPECIAL PURPOSES 
On account extra clerical expenses in connection with the Secretary’s office 
and preparations for the Washington meeting, gift............... $500.00 
DISBURSEMENTS 
On account of administration: 
Printing expenses, New York meeting....................0eeeeeeeee $496.50 
Notary fees and messenger................... 2.00 
On account of Bulletin: 
Office expenses: 
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On account Penrose gift for additional support to the Secretary’s office: 
Extra secretarial service in preparing program and abstracts and con- 


Extra clerical assistance on Proceedings................00eeeeeeee: 200.00 


The Secretary this year again acknowledges renewal of a special contri- 
bution made by R. A. F. Penrose, Jr., to cover extra expense of opera- 
tion of the Secretary’s office. This generosity makes it possible to carry 
on the greatly increased work of the office without handicap and without 
making additional demand on the resources of the Society. It is to be 
hoped that in the near future a special endowment or some other form of 
regular support may be found for this purpose. In the meantime, the 
Society is fortunate in having this support in the form of a contribution. 

The officers of the organization have always served without compensa- 
tion, and the present incumbents are certain to carry on to the end of such 
terms as the Society may wish without any other provision. The work, 
however, paricularly that of the Secretary’s office, has become so heavy 
that one with many other responsibilities cannot afford the time required. 
It is not likely that this office can be cared for in the future without some 
provision for part-time salary to cover the time demanded for this work. 

The present Secretary must soon turn over his responsibility to other 
hands, but he would like to see an assured financial support for the next in- 
cumbent. The interests of the Society ought not to require great personal 
sacrifice. Now that incorporation has been accomplished and the Society 
is operating on a more permanent basis, it would seem to be a suitable 
time to accomplish this additional objective. The service rendered by this 
Society is of enough value to the geologists of North America and to 
geologic science in general to warrant liberal financial] support. The 
Secretary would feel that his several years of service had reached a suit- 
able ending if, before turning his responsibilities over to a successor, an 
endowment fund could be secured of sufficient magnitude to maintain 
henceforth in a dignified and efficient manner the secretarial service of 
the Geological Society of America. 

Respectfully submitted, Cuares P. Berkey, 
Secretary. 
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TREASURER’S REPORT 
To the Council of the Geological Society of America: 
The Treasurer herewith submits his report for the year ending 
November 30, 1929. 
RECEIPTS 
Balance on hand December 1, 1928...................... $2,487.81 
Annual dues: 
———— 4,330.00 
Redemption of bonds: 
Credit on bond exchange................. 190.00 
2 Anaconda Copper Mining Co........... 2,100.00 
| — 4,490.00 
Ten per cent on principal due by Chicago Railways....... 300.00 
Interest: 
2,326.42 
On Dank 123.28 
2,449.70 
From Charles Schuchert for printing account............. 150.00 
Received from Secretary’s office: 
3,884.91 
Postage and express refunds.............. 105.09 
———— 4,393.05 
$19,200.71 
DISBURSEMENTS 
Secretary's office: 
$2,374.75 
Treasurer’s office: 
249.00 
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Publication of Bulletin: 


$6,574.06 
Mineralogical Society of America....................... 126.00 
107.52 


Purchase of bonds: 
3 Consolidated Gas, Electric Light and 


Power Co. of Baltimore................ 2,940.00 
2 Carolina Power and Light Co........... 1,984.00 
— 4,924.00 
Miscellaneous: 
Gold medal (Penrose Fund).............. 165.00 
Expenses of annual meeting.............. 42.48 
782.48 
———— $15,404.23 
Balance in bank, December 1, 3,796.48 


$19,200.71 


The following securities are owned by the Society at the present time: 
Stocks: Par Value 
10 shares of the capital stock of the Iowa Apartment House Com- 


40 shares of the capital stock of the Ontario Apartment House 


Bonds: 
2 Texas and Pacific Railway Company First Mortgage 5% bonds. 2,000.00 


2 Fairmont and Clarksburg Traction Company First Mortgage 


2 Consolidation Coal Company First and Refunding Mortgage, 
40-year 5% Sinking Fund gold bonds....................-. 2,000.00 


3 Chicago Railways Company First Mortgage 5% gold bonds.... *3,000.00 
2 Southern Bell Telephone and Telegraph Company First Mortgage 


1 Louisville and Nashville Railroad Company 10-year 7% gold note. 1,000.00 
1 Commonwealth Edison Company First Mortgage gold bond.... 1,000.00 
2 American Telephone and Telegraph Company 20-year Sinking 


Fund 514% gold debenture bonds..................0000005 2,000.00 
2 Baltimore and Ohio Railroad Company First Mortgage 5% bonds. 2,000.00 
2 Commonwealth Edison First Coll. Trust 5% bonds............ 2,000.00 


* Ten per cent of principal paid November, 1929 


5% bonds...... ... 2,000.00 
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2 Central Railways of Baltimore First Mortgage 5% bonds...... $2,000.00 
2 Canadian Pacific Railway Company 414% bonds.............. 2,000.00 
2 Bethlehem Steel Corporation 6% bonds...................... 2,000.00 
2 Southern Pacific Railway Company 40-year 414% bonds....... 2,000.00 
2 Shawinigan Water and Power Company First Mortgage A bonds. 2,000.00 
2 Canadian National Railway 40-year 414% bonds.............. 2,000.00 

3 Consolidated Gas, Electric Light and Power Company, Balti- 
2 Carolina Power and Light Company 5% bonds............... 2,000.00 
$41,000.00 

Penrose Gift: 

5 City of Philadelphia 4% loan of Oct. 1, 1920................. 5,000.00 
$46,000.00 


Respectfully submitted, 


Epwarp B. Matuews, Treasurer. 


Epitor’s Report 
To the Council of the Geological Society of America: 


The following tables cover statistical data for the forty volumes 
thus far issued: 


ANALYSIS OF COSTS OF PUBLICATION 
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Gas Vole 1035 Vol. 36 | Vol. 37 Vol. 38 Vol. 39 
| 
Pp. 732, pl. 29 | Pp. 707, pl. 10 | Pp. 692, pl. 20| Pp. 881, pl.21 | Pp. 1226, pl. 31 
Letter press..... $1,895.32 | $2.737.89 | $2,852.45 $3,495.67 $4,943. 21 
Illustrations. .... 436.82 528.90 | 414.56 | 848.08 1,084. 48 
404.10 | 411.96 | 502.76 670.74 939. 42 
Total....| $2,736.24 | $3.678.75 | $3,769.77 | $5,014.49 $6,967.11 
Average per page $3.74 | $5.06 | $5.45 | $5.67 $5.68 
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> 
> 
2/2 
° 
> Number of pages 
116 137° 92 18 83 44 47 60 4 593+4ii 
56 110 60 4111 52 168 47 9 55 1 7 662+xiv 
25 134 #38 «52 «52 «14 47-32 2 458-+4ii 
1388 135 70 54 28 51 107 71 «(14 9 665+xii 
50 111 75 39 #71 «9 1 6325 4 538+x 
38 77 105 53 40 21 123 4 66 28 13 558+x 
34 5 43 67 58 14 8  4464+x 
2 102 138 #.. 44 28 64 16 64 «12 
35 33 96 37 «59 62 68 28 8 27 17 534+xiii 
65 110 21 10 54 31 188 7 71 60 46 651 +xii 
199 39 55 53 24 98 5 5 70 2 588-+4xi 
125 17 #13 24 28 116 42 4 165 32 29° 583+xii 
 Saeaeee 48 47 48 59 183 4118 22 1 80 14 1 609+xi 
26 124 94 36 267 3 636-+x 
64 111 78 30 102 141 19 67-22 15 636 +xiii 
ee 49 161 41 84 47 294 27 71 9 2 785-+xiv 
16 164 141 5 246 5 68 40 717+xii 
106 108 29 66 30 155 32 56 «15 20 617+x 
43 54 35 29 37 45 303 8 60 132 749+xiv 
72 234 75 48 #85 70 106 1 it 2 10 8$23+xvi 
23 54 28 28 23 403 74 63 49 747+xii 
75 52 126 108 19 145 134 66-32 758+xvi 
18 57 96 57 49 160 106 23 133 53 737 +xviii 
“eee 34 211 54 32 156 9 175 108 9 22 802+xviii 
72 23 #11 #56 90 148 6 xxi 
1 59 #125 31 146 20 271 2 73 24 739-+xviii 
25 273 #70 69 +78 200 55 39 «94 «110 14. 1005+xxii 
3 107 62 15 127 169 64 73 21. 679-+xix 
160 3 41 9 5 36 20 16 73 59 50 644-+xiii 
1 80 19 4 13 45 22 21 469 97 79 450-+xviii 
73 47 7 2 63 7 17. 105 2 37 488+xviii 
39 #166 160 47 97 107 101 3 91 41 31 862-+xxi 
20 256 73 2 39 149 48 89 38 64 778+xx 
44 72 17 83 70 140 269 76 46 79 $96 +xxii 
26 #112 «27 59 108 103+ 77 i 74 116 4 707+xx 
53101 8 8 16 111 126 43 74 126 1 667 +xviii 
148 88 17 2 41 265 98 73° 13. 857 +xxiv 
25 209 160 185 35 111 228 94 19 1195-+xxx 
54 126 206 29 16 «98 92 90 47  822-4-xxiv 


Respectfully submitted, 


JOSEPH STANLEY-Brown, Editor. 


The foregoing report is respectfully submitted. 


December 26, 1929. 


Tue Councin or 1929, oF THE 


GEOLOGICAL SOcIETY OF AMERICA. 
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ELECTION OF AUDITING COMMITTEE 
The following auditing committee was named from the floor: Edward 
W. Berry (chairman), George W. Stose. The committee was directed 
to make a general report to the Society before the close of the sessions, 
and submit a written report on the securities in Baltimore after their 
examination. 
ELECTION OF OFFICERS, REPRESENTATIVES, AND FELLOWS 
This mail ballot for officers of the Society for the year 1930, for repre- 
sentatives, and for Fellows, was canvassed by the Council, and the results 
were reported at a later session. The following were at that time de- 
clared elected : 
President: 
R. A. F. Penrose, Jr., Philadelphia, Pennsylvania 
First Vice-President: 
Netson H. Darron, Washington, D. C. 
Second Vice-President 
FLorENCE Bascom, Washington, D. C, 
Vice-President to represent the Paleontological Society: 
W. H. Twennoret, Madison, Wisconsin 
Vice-President to represent the Mineralogical Society: 
Herbert E. Merwin, Washington, D. C. 
Secretary: 
Ciarces P. Berkey, New York City 
Treasurer: 
Epwarp B. Mariews, Baltimore, Maryland 
Editor: 
JosEPH STANLEY-Brown, New York City 
Councilors (1930-1932) : 
W. C. MENDENHALL, Washington, D. C. 
W. J. Meap, Madison, Wisconsin 


Representative of the Cordilleran Section: 
BLACKWELDER 


Representative on the National Research Council (July 1, 1930, to June 
30, 1933) : 
C. R. Loneweti, New Haven, Connecticut 
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ELECTION OF FELLOWS 15 
FELLOWS 


Witiram MacDonovcu Aaar, B. S., M. A., Ph. D., Assistant Professor of Geology, 
Columbia University, New York, New York. 

Ira Suimmin Atiison, A. B., Ph. D., Instructor in Geology, University of Minne- 
sota, Minneapolis, Minnesota. 

CuHARLES LAURENCE Baker, S. B., M. A., Chief Geologist, Rio. Bravo Oil Company, 
Houston, Texas. 

Joun ArTHUR BartroM, M. Sc., Professor of Geology, University College, Auckland, 
New Zealand. 

Cuar.Les Henry Benre, Jr., B. S., Ph. D., Assistant Professor of Geology, Uni- 
versity of Cincinnati, Cincinnati, Ohio. 

Martanp Pratt Biiuinas, A. B., A. M., Ph. D., Associate in Geology, Bryn Mawr 
College, Bryn Mawr, Pennsylvania. 

FREDERICK ARTHUR Burt, B. S., Associate Professor of Geology, Agricultural and 
Mechanical College, College Station, Texas. 

Justin SarRSFIELD DeLvry, B. A., Ph. D., Professor of Geology, University of Mani- 
toba, Winnipeg, Canada. 

Atva CuristIné Exuisor, B. A., Consulting Paleontologist, Humble Oil and Re- 
fining Company, Houston, Texas. 

DanIEL JEROME Fisuer, S. B., M. S., Ph. D., Associate Professor of Geology, 
University of Chicago, Chicago, Illinois. 

RicuarpD Foster Fuint, B. S., Ph. D., Assistant Professor of Geology, Yale Uni- 
versity, New Haven, Connecticut. 

WitiraM Kine Grecory, A. B., A. M., Ph. D., Curator of Comparative Anatomy 
and of Ichthyology, American Museum of Natural History; Professor of Verte- 
brate Paleontology, Columbia University, New York, New York. 

Joun Epwarp Horrmerster, A. B., Ph. D., Professor of Geology, University of 
Rochester, Rochester, New York. 

WatporF Vivian Howarp, B. A., M. Sc., Ph. D., Associate in Geology, University 
of Illinois, Urbana, Illinois. 

Beta Hussarp, B. S., M. A., Ph. D., Geologist, Standard Oil Company of New 
Jersey, Tuckahoe, New York. 

Caruton D. Hotty, B. 8., Ph. D., Associate Professor of Geology, University of 
California, Berkeley, California. 

Harry STepHeN Lapp, B. A., M. S., Ph. D., Assistant Professor of Geology, Uni- 
versity of Virginia, University, Virginia. 

Joun Everts Lamar, B. S., Geologist, Illinois State Geological Survey, Urbana, 
Illinois. 

KENNETH Knicut Lanpgs, B. S., A. M., Ph. D., Assistant Professor of Geology, 
University of Kansas, Lawrence, Kansas; Assistant State Geologist, Geological 
Survey of Kansas. 

TueEoporeE Aveust Link, B. S., Ph. D., Geologist, Imperial Oil Company, Limited, 
Calgary, Alberta, Canada. 

GeraALpD RatercH MacCartny, A. B., A. M., Ph. D., Assistant Professor of Geology, 
University of North Carolina, Chapel Hill, North Carolina. 

WiiuramM McCavuauey, B. §., Ph. D., Professor of Mineralogy and Chairman 
of Department, Ohio State University, Columbus, Ohio. 

James Hart Curry Marrens, C. E., M. Sc., Ph. D., Assistant State Geologist of 
West Virginia, Morgantown, West Virginia. 
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Gait Francis Moutton, B. S., M. S., Geologist, Illinois State Geological Survey, 
Urbana, Illinois. 

Kounitaro Nirnomy, M. A., Ph. D., Geologist, South Manchuria Railway Company, 
Professor of Mineralogy and Geology, Teachers’ College of Manchuria, Dairen, 
Manchuria, China. 

Axe. Apotr Otsson, A. B., Geologist and paleontologist, International Petroleum 
Company, Gloversville, New York. 

Epwarp Henry Perkins, B. S., Ph. D., Head of the Department of Geology, Colby 
College, Waterville, Maine. 

ALEXANDER Hamiton Rice, A. B., M. D., Hon. A. M., Geographer and explorer, 
New York, New York. 

Gaye Scort, A. B., M. S., D. Sc., Professor of Geology, Texas Christian Univer- 
sity, Fort Worth, Texas. 

Dovetas BovarD STERRETT, Consulting Geologist, Washington, D. C. 

CuaRENCE Otto Swanson, B. A., M. A., Ph. D., Professor of Geology, Michigan 
College of Mining and Technology, Houghton, Michigan. 

Nicuouas Luoyp TatiaFERRO, B. S., Ph. D., Associate Professor of Geology, Uni- 
versity of California, Berkeley, California. 

Exprep Dewey Wi1son, B. S., M. S., Geologist, Arizona Bureau of Mines, Tucson, 
Arizona. 


NECROLOGY 


The Secretary announced the deaths of four Fellows of the Society, 
and brief oral tributes were called for, as follows: 


Edward d’Invilliers, by E. C. Harder. 
George P. Merrill, by Oliver C. Farrington. 
John F. Newsom, by Eliot Blackwelder. 
Horace B. Patton, by Alfred C. Lane. 


MEMORIALS 
The following memorials are printed in the Proceedings of volume 41: 


Memorial of Bashford Dean, by William K. Gregory. 
Memorial of Henry H. Robinson, by Isaiah Bowman. 
Tribute to George P. Merrill, by Oliver C. Farrington. 
Memorial of John Flesher Newsom, by Eliot Blackwelder. 


MEMORIAL OF BASHFORD DEAN 
BY WILLIAM K. GREGORY 
Bashford Dean, a fellow of the Society since 1910, died at Battle 
Creek, Michigan, December 6, 1928. He was born in New York City, 
October 28, 1867, of English and Holland Dutch ancestry on his father’s 
side, and of English and Huguenot French stock on his mother’s side. 
At a very early age he began to manifest a strong interest in natural 
history, which may have been derived by association with his father who 


1 Manuscript received by the Secretary of the Society January 23, 1930. 
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was a lawyer with a hobby for collecting fossil invertebrates and for study- 
ing birds in the field. 

When about fourteen years old he entered the College of the City of 
New York, where he later studied biology under Professor William 
Stratford. He became interested in the biology of the oyster, and in 1887 
made the first of many trips abroad for the purpose of studying the 
food, life history, and culture of the oyster in Portugal, Spain, France, 
Japan, and other countries; his reports on these subjects were made 
chiefly to the New York State Commission of Fisheries and later to the 
United States Fish Commission. 

After graduating from the City College, he entered Columbia College 
as a candidate for the doctorate and became an assistant to the well 
known geologist, Professor John Strong Newberry. The latter had been 
engaged for many years in the study of the fossil fishes of the Cleveland 
Shale and other paleozoic formations. Newberry soon communicated his 
own enthusiasm for this subject to his young assistant who brought to 
the study an already wide knowledge of vertebrate embryology and a 
determination to probe the grand problems of the relationship of the 
early Devonian fishes to the “living fossils’ among existing fishes. 

Called to the Department of Zoology at Columbia University, upon the 
recommendation of Professor Henry Fairfield Osborn, Dean continued 
for many years to carry on his researches on the embryology of the most 
primitive known fishes and upon the fossilized remains of the sharks, 
placoderms, and chimaeroids and other ancient fishes of palaeozoic and 
mesozoic times. He united the viewpoints of embryology and paleich- 
thyology to a degree not hitherto realized, as these subjects had formerly 
been pursued largely in separate laboratories by persons who knew little 
or nothing of each other’s work. His studies on the paleozoic and mesozoic 
fishes and on related problems in embryology may be considered briefly 
under the following headings: (1) “Studies on the Devonian Plac- 
oderms,” (2) “Studies on Devonian Sharks and on the Origin of Paired 
Fins.” (3) Dean’s Textbook “Fishes Living and Fossil.” (4) “Paleo- 
spondylus and the Development of the Cyclostomes.” (5) “Chimeroid 
Fishes and Their Development.” 


STUDIES ON THE DEVONIAN PLACODERMS 


His doctor’s dissertation, “Pineal Fontanelle of Placoderm and Cat- 
fish” (1891), was richly illustrated with his own engravings; in it the 
histology and anatomy of the pineal organ in recent vertebrates were 
thoroughly explored, and much new light was shed upon the probable 
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function of the so-called pineal funnel in the top of the skull of Dinichthys 
and other armored fishes of the Devonian period. The long prevalent but 
erroneous view that the catfishes were somehow an extraordinary ancient 
offshoot from near the base of the true fishes was accepted in this paper 
for what seemed to be at the time good and sufficient reasons. 

His subsequent papers on the structure and classification of these 
enigmatical placoderms and their allies numbered a dozen or move and 
ranged from 1893 to 1909. They contributed greatly to the necessary 
facts of the case and led him to the interesting view that the arthrodires 
and their allies were neither peculiarly specialized dipnoans as held by 
Eastman and others, nor modified crossopterygians as suggested by Tate 
Regan, but that they were a wholly independent class of chordates that 
merely paralleled the other fishes without being nearly related to them. 
On the other hand, both Dean and his assistant Dr. L. Hussakof believed 
that the arthrodires might be an offshoot from the base of the stem lead- 
ing to Pterichthys. While studies by Stensi6, on the distribution of the 
vascular and neural canals and on brain casts of early arthrodires, indicate 
a somewhat nearer relationship to the elasmobranch stock than Dean sus- 
pected, the other connection, with the stem of Plerichthys still appears 
highly probable. 


StupiEs oN DrvoNIAN SHARKS AND THE ORIGIN OF PatREeD Fins— 
1895-1909 


Dean’s studies on the Devonian sharks, also beginning while he was an 
assistant to Professor Newberry, led to a far-reaching contribution to the 
problem of the origin and evolution of the paired appendages of verte- 
brates. In 18938, when 26 vears of age, he contributed his first “Note 
on the Mode of Origin of the Paired Fins”; he dealt also with various 
phases of this topic in many subsequent papers. His Devonian Cladodont 
shark, Cladoselache newberryi, which he first described in 1893, showed 
that the paired fins were essentially like the median fins and brought 
weighty evidence in support of the Thacher-Balfour fin-fold theory of 
the origin of the paired limbs, in opposition to Gegenbaur’s view that the 
paired fins had arisen from featherlike “archipterygia,” like those of the 
existing lungfishes. 

Subsequent papers and memoirs of his on Cladoselache and on sharks 
as ancestral fishes appeared at intervals up till 1902. He also inspired 
his student, Raymond C, Osburn, to prepare a detailed critique of the 
opposing “fin-fold” and “archipterygial” theories and supplied him with 
the material which demonstrated that during the course of ontogeny the 
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skeleton of the paired fins has a similar origin to that of the median fins 
and a radically different origin from that of the branchial arches. 

The Cladoselache material described by Dean (1902, 1909) was also 
remarkable for containing well-preserved muscle segments and even the 
red muscle fibers as well as the glomeruli of the kidneys. Under the 
general heading of “Studies on Devonian Sharks” we may also note the 
fact that after Professor Newberry’s death Dean edited one of the latter’s 
memoirs on American Paleozoic fishes, containing descriptions of various 
forms of dental plates and fin spines of elasmobranchs (1897). Dean’s 
1907 paper on Acanthodian sharks was in the nature of a general mor- 
phological review of conspicuous members of that group and contained 
many valuable sketches made in European museums. 

In this paper on Acanthodians, Dean brought out further evidence for 
the “fin-fold origin” of the paired fins and for his conclusion that the 
Acanthodians represent a very early side specialization of the stock that 
gave rise to the Cladoselachian sharks and he accordingly united the two 
groups as coordinate branches of the “Pleuropterygia.” Subsequent 
authors have stressed the wide contrast in the plan of construction of 
the scales in these two groups. those of the Acanthodians being almost 
true ganoid scales composed of concentric lavers, while the teeth and 
vestigial scales of Cladoselache are of ordinary elasmobranch type. But 
Dean was inclined to regard these differences in integumentary structures 
as of less importance than the fundamental agreements between the 
Cladoselache group and the Acanthodians. 


DeEAN’s Textsook “FISHES AND FosstL” 


By 1895, at the age of 28 and after scarcely more than five vears of 
active work in ichthyology, he had already accumulated enough illustra- 
tive material along all the lines previously mentioned to publish his 
notable textbook, “Fishes Living and Fossil: An Outline of their Forms 
and Probable Relationships.” in the Columbia University Biological 
Series. This textbook, like everything else Dean wrote, was marked by 
its extreme compactness and clarity: but it has also been especially prized 
for the large number of carefully drawn comparative figures and highly 
useful tables. On the other hand, the book was very sketchy in its treat- 
ment of the teleosts, containing ideas as to the relationships of the cat- 
fishes and other teleosts which have not been supported by later investiga- 
tions. The fact is that Dean was interested primarily in the archaic 
fishes of all groups and that this being a field wide enough even for his 
amazing activities, he refrained from wandering far among the swarm- 
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ing tribes of the modernized teleosts. Somewhat later he delegated the 
preparation of a general review of the phylogeny and classification of the 
teleosts to one of his students, the present writer. 


PALZOSPONDYLUS AND THE DEVELOPMENT OF THE CYCLOSTOMES 


The year 1896 brought his first paper on Pale@ospondylus which was 
a puzzling little Devonian chordate, supposed by Traquair to be related 
to the Cyclostomes. “Is Paleospondylus a Cyclostome?” he queried, and 
in several papers, culminating in his memoir on the subject in 1900, 
he stoutly supported the opinion that it was not. This last paper con- 
tains some of his most beautifully executed lithographic plates, showing 
the finer details of this enigmatical fossil. However, according to 
Stensié’s recent researches and in the light of much fuller knowledge, 
of the Ostracoderms, Palewospondylus may after all be more nearly re- 
lated to the cyclostomes than Dean was willing to admit. 

Meanwhile the subjects previously noted kept crowding each other 
in his bibliography of subsequent years. However, it should be noted 
that both because Dean spent a considerable part of his time in the field 
as well as because he was extremely concise and pithy in his writings, 
his bibliography rarely runs to more than ten short papers in a year. 
Perhaps Dean’s interest in the fossil Palwospondylus roused him to 
special exertions to secure the embryology of certain of the existing 
cyclostomes. At any rate, during the next few years (1895 to 1899) he 
combed the waters of Alaska, California, and Japan for eggs of the 
hagfishes which sometimes came up on the fishermen’s lines, entangled 
in the slime exuded from the hagfishes themselves. As these priceless 
relics were worked over, Dean issued a series of papers on the develop- 
ment of Bdellostoma and related forms, beginning in 1897 and running 
at intervals till 1904. His most important contribution in this field was 
his memoir on the embryology of Bdellostoma stouti (1899) in which 
he was able to muster an imposing and closely knit developmental series 
of this most rare and significant material. He was able to show. among 
other things, that the hagfish development stood in wide contrast all 
along the line to the development of the lampreys. Thus the hagfish 
eggs were so packed with yolk that the cleavage planes were confined to 
one end of the egg as in the sharks, in contrast with the total or holoblas- 
tic cleavage of the lamprey egg. He also showed that the development of 
the hags is direct, so that the newly hatched larval hags are far more 
like their elders than is the case with the larval lampreys, which differ 
radically from the adults. 
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From the fact that in these and other features of their development 
the hags differed from the lampreys almost as much as the amphibians 
do from the sharks, Dean concluded that the hags and lampreys must 
belong to two stocks which have been separated from each other for 
long geologic periods, an opinion which in the light of Stensid’s recent 
studies becomes all the more probable. His papers on this subject abound 
in critical and constructive comments on such classic problems as the 
behavior of the cells during the differentiation of the primary germ 
layers, the relations between the branchiomeres and the cephalic seg- 
ments, and the supposed parallelism between individual development and 
phyletic history. As to this last topic, if, under the influence of von 
Kupffer, in whose laboratory he had worked, he had ever taken the 
Doctrine of Recapitulation too literally, his observations on the develop- 
ment of the hagfishes, as well as his other embryologic studies tended 
rather to emphasize the physiologic necessities of the developing organism, 
for, under the stress of a new environment, too close an adherence on the 
part of the embryo to the theory of recapitulation might well be a costly 
luxury, while on the other hand the more pressing physiological needs of 
the embryo acted as premiums or rewards for short cuts, accelerations, and 
new larval adaptations, so that the recapitulative background became 
badly obscured. 

Dean’s Bdellostoma material was also studied by one of his students 
(C. H. Stockard) who published a paper in which he defended the thesis 
that the so-called tongue of the cyclostomes was not homologous with a 
true tongue of higher fishes but represented the fused mandibular arches 
of the gnathostome chordates. But by far the greater part of the or- 
ganogeny of the hagfish, as revealed in Dean’s Bdellostoma embryos, re- 
mains to be described. It is therefore gratifying to state that several 
years ago Dr. Dean handed over much of this material to Dr. J. LeRoy 
Conel, of the Boston University School of Medicine, who is studying in 
it the development of the brain. 


CHIM£ROID FISHES 


Undoubtedly the most comprehensive, single monograph Dean ever 
published was his Carnegie Institution memoir, “Chimeroid Fishes and 
Their Development” (1906), the subject having been dealt with in a 
number of preliminary and advance papers beginning in 1899. The 
embryological material for this memoir he had sought for and collected 
first in Naples and in Portugal in 1891, at Puget Sound, Alaska, in 1896, 
at Pacific Grove, California, in 1896 and 1899, finally at Misaki and 
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Tokyo, Japan, in 1900 and 1901. Meanwhile he had searched the 
museums of Paris, London, Berlin, Bergen, Tromsoe, and Tokyo, for 
comparative material among fossil and recent chimeroids. The most 
important conclusion was that the chimeroids, in spite of the opinions 
of many authors, are clearly nothing but highly specialized offshoots from 
some lowly branch of the true sharks, because they are almost wholly 
sharklike in their entire plan of development. The memoir will long 
stand as a model for its many sided marshaling of evidence from ein- 
bryology, comparative anatomy, and paleontology. 

Perhaps the greater part of Dean’s activities lay outside the field of 
fossil fishes with which we are here chiefly concerned. These, however, 
may be mentioned very briefly. While professor of zoology at Columbia 
University, he published important papers dealing with the embryology 
of the ganoid fishes and on the behavior of larval and adult fishes. He 
was also the author of numerous brief papers on the broader aspects of 
evolution, on the zoological laboratories of Europe, on the lives of various 
scientists and others together with reviews of scientific books. His 
magnum opus was the great “Bibliography of Fishes,” on which he and 
several devoted collaborators labored for many years. He was also very 
active as curator of fossil and recent fishes in the American Museum of 
Natural History. But perhaps his greatest fame will rest upon his 
achievements in a widely different field, namely the study of arms and 
armor. This interest beginning when he was a young child, culminated 
in his appointment as curator of the new department of arms and armor 
in the Metropolitan Museum of Art, New York, and in his gathering 
together there an imposing collection which is said to rank fourth among 
the great collections of the world. From this, he arranged a superb ex- 
hibit of arms and armor and upon it he based a long series of researches. 
In this his guiding principle was his unique application of the viewpoint 
of the professional student of organic evolution to the historical develop- 
ment of a cultural complex. 

In conclusion, Dean’s chief contributions to the study of fossil fishes may 
be appraised briefly as follows: He continued and developed Newberry’s 
work on the paleozoic fishes and brought to it the viewpoint of a broadly 
trained embryologist. He described important new material among the 
paleozoic placoderms and sharks. He successfully defended the view that 
the placoderms were not related to the dipnoans and treated them as a 
class originating quite independently from the true sharks and higher 
fishes. Combining the evidence from fossil and recent sharks, he suc- 
cessfully attacked Gegenbaur’s “archipterygial” theory of the origin of 
paired fins and defended the “fin-fold” theory of Thacher and others. 


: 
¢ 
| 
Se 
five 
i 
tle: 


MEMORIAL OF BASHFORD DEAN 23 


He proved beyond reasonable doubt that the chimeroids were highly 
specialized sharks and not a separate subclass of fishes. On the other 
hand, his researches on the Devonian fossil Paleospondylus and on the 
embryology of the cyclostomes led him to the probably incorrect view 
that the former was not related to the latter, and he failed to discover 
that the modern cyclostomes are probably derived from some branch of 
the ostracoderms. 
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MEMORIAL OF HENRY HOLLISTER ROBINSON?! 
BY ISAIAH BOWMAN 


Dr. Robinson had one of the most original minds I have ever known. 
The pity of it is that his body was too frail to support the claims he would 
have liked to make upon it. Whatever problem engaged him he al- 
ways returned from an exploration of it with new ideas of permanent 
value. He often expressed regret over an insufficient knowledge of the 
elements of physiography—a subject that especially engaged him in the 
later years of his life. Yet, because his thinking was untrammeled by 
the jargon of the subject and the “set” of its accepted classifications, he 
was so much the more free to look at so complicated a region as New 
England, for example, and see new features in a fresh light. There was 
nothing at all of the schoolmaster about him—his creative instincts were 
too active for that. His mind was always out on “the pioneer fringe” of 
geology and geography. 

His criticisms of current work were extraordinarily penetrating. Above 
all, he disliked the fine-spun argument. Not legalistic cleverness in pre- 
senting the case but solidity of observation was to him the essential of 
scientific work. The range of his interests was incredibly wide. He 
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made original investigations in the financial field with results which 
he put to severe and successful practical tests, published a classic paper 
on the geology of the. San Francisco Mountains that contained new evi- 
dence as to the chemical composition of the earth’s subcrust, prepared 
a finished manuscript on “style in scientific writing” based on an analysis 
of sentence length, and gave the American Geographical Society the bene- 
fit of a searching, technical analysis of line-cuts that has been of the 
greatest value in the preparation of black-and-white symbolism upon 
maps. His natural bent toward graphics expressed itself in a more than 
ordinary appreciation of line and color in art and in a visual memory 
that helped him greatly in special types of research as far apart as the 
physiography of the high plateau country of the Far West and the 
changing population densities of Connecticut townships during the past 
century. 

For several of his later years he was engaged upon an arduous study 
of the deep channels that cross the continental shelf in various parts of 
the world, and it was his intention to look into some new physiographic 
evidence which he had found bearing on the origin of the New England 
upland. New England engaged his interest more and more, a natural 
evolution, for the generations from which he sprang were Connecticut 
Valley people in the main. Their soil was his. The sense of continuity 
of life in place was often in his mind—that sense that comes to a man 
with so much greater force after he has pitched his tent in far places. 
His first field work was in Mexico, as a civil engineer on railroad loca- 
tion, soon after leaving college. His last position, as Superintendent 
of the Connecticut Geological and Natural History Survey, brought him 
back to the countryside which he had loved from boyhood. 

His friendships were as catholic as his outlook on science. Acquaint- 
ance with him meant affection for him because of a certain freedom and 
gaiety of spirit. He worked without rule and had no love for the “effi- 
cient” life. The thought of contest was abhorrent to him. He could 
never be sharp in his own interest. Few will realize how ardently he 
threw himself into the completion of Joseph Barrell’s paper, “The Pied- 
mont-Terraces of the Northern Appalachians,” published in the American 
Journal of Science in 1920. Here was a friend cut off from a task of 
great importance and Dr. Robinson could not endure the thought of los- 
ing the work of one whom he regarded as a genius of the first quality. 
Until he had finished the task in the thorough way in which he did every- 
thing, he drove himself with a relentlessness the more praiseworthy be- 
cause he could really spare so much less strength for his own work. It is 
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high praise for Barrell that a friend could offer him such devotion; it is 
equally high praise for Robinson that he did the work as carefuly as if 
it had been done by Barrell. 
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TRIBUTE TO GEORGE PERKINS MERRILL 
BY OLIVER C. FARRINGTON 


Dr. Merrill was born at Auburn, Maine, May 31, 1854, and died there 
in his seventy-sixth year, August 15, 1929. There can be little doubt 
that Dr. Merrill’s early environment was of much influence in determin- 
ing his career. His boyhood home was at about the center of the peg- 
matite zone which crosses the southern corner of Maine in a northwest- 
southeast direction. It was within walking distance of what was then, 
and still is, one of the most interesting mineral localities in the world, 
Mount Apatite. From the various outcrops in the vicinity of his home 
town he early began to collect minerals and obtained many valuable speci- 
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mens, and this continued until the last journey of his life had for its 
purpose a visit to one of the neighboring localities. 

Educated in the public schools of Auburn, Dr. Merrill then entered what 
is now the University of Maine, then, a rather small and struggling insti- 
tution, the Maine State College. There was no course in geology given at 
the college during his stay there but a single term was devoted to its 
study with Dana’s textbook as an authority. Mineralogy was taught as a 
branch of chemistry. Chemistry was given some prominence, however. 
in the college course, and to this Dr. Merrill chiefly devoted his attention. 
His qualifications in this line led to his appointment shortly after his 
graduation as assistant chemist and mstructor in Weslevan University. 
Here he employed his indefatigable industry in taking advanced studies 
in the University so that the degree of M. S. was awarded him in 1883 
by his alma mater. While at Wesleyan University he had the good 
fortune to become acquainted with that great pioneer in museum work, 
Dr. G. Brown Goode. A strong friendship grew up between them and, 
after a brief connection with the Census Bureau at Washington, he joined 
Goode in the work of building up the then embryo National Museum. 
The materials gathered together for the Centennial Exposition in 1876 
constituted the opportunity which led chiefly to the renascence of the 
National Museum; and Merrill’s geological tastes and interest led to his 
being assigned to the organization of the geological and mineralogical 
collections which had been largely received from the Exposition. Accord- 
ingly, we find him, in 1881, Curator of Mineralogy at the National 
Museum. Both the scope and the organization of the museum had yet 
to be developed, and the National Museum of 1881 was a very different 
institution from that of 1929. Those who recall the early days of the 
section of Geology in that institution for example, will remember that 
the exhibit consisted largely of cubes of building stones. Its present de- 
velopment is such that it is generally accepted as a standard for such 
exhibits and this is due in great degree to Dr. Merrill’s lifelong labors. 

Dr. Merrill’s predecessor at the National Museum had been the late 
George W. Hawes, who was just taking up the new work of studying 
rock sections and developing the infant science of petrology. Dr. Merrill 
became greatly interested in this line of work and the study of rocks was 
always one in which he took great pleasure. Meanwhile, he began 
collecting, wherever he could, impressive geological specimens for the 
museum. While this work was going on he found time to utilize infor- 
mation which he had obtained from his work for the Census Bureau to 
prepare, in popular and useful form, a treatise on “Stones for Building 


and Decoration.” 
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Another line of work, which he carried on from 1893 to 1916, was that 
of Professor of Geology and Mineralogy at George Washington Uni- 
versity. Becoming interested in the changes of composition brought 
about through weathering of some of the granites in the vicinity of Wash- 
ington, he pursued the subject in many of its ramifications and prepared 
the comprehensive treatise, “Rocks, Rock Weathering and Soils.” This 
would seem to be so obviously important a field that it is surprising that 
no one had investigated it before. However, it was largely virgin and so 
thorough was Merrill’s development of it that he found, on his latest 
visit in Europe, that it was the line of research for which he was best 
known among European geologists. Another useful book published by 
him about this time, was one that had developed in connection with the 
classification of the nonmetallic mineral collections of the museum. This 
Merrill published in popular form as “Nonmetallic Minerals—Their Oc- 
currence and Uses.” 

In his later years Dr. Merrill devoted his attention in connection with 
his other duties, largely to the study of meteorites and the building up of 
the collection of meteorites at the National Museum. In this, as in all 
of his undertakings, he achieved remarkable success. He was the author 
of sixty papers on meteorites, including the description of about forty 
new falls. His investigations led to the discovery of the new mineral 
named in his honor, “Merrillite,” a calcium sodium phosphate, differing 
in composition from any known terrestrial mineral. The importance of 
this and other contributions which he made to the science of meteorites, 
led to his being awarded the J. Lawrence Smith medal of the National 
Academy of Sciences. In what he considered his “leisure” time, Dr. 
Merrill turned his attention to another unworked but obvious field, the 
history of American geology and geologists. With excellent balance and 
sound judgment he succeeded in this field in giving impartial accounts 
of many disputed questions and in giving honor where honor was due. 
His work affords a solid foundation on which future historians may 
safely build. 

Dr. Merrill’s trend of thought was rarely, if ever, speculative. He 
preferred to keep close to facts and allow time and accumulation of 
further data to furnish their interpretation. In his report on Meteor 
Crater in Arizona he probably went further in his conclusions than in any 
other subject with which he dealt, but all subsequent developments seem 
to be confirmatory of the views which he expressed. 

While not an Original Fellow of our Society, Dr. Merrill joined it 
early in his career and was a constant attendant at its meetings. He was 
a Councilor in 1904 and Vice-President in 1920. 
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MEMORIAL OF JOHN FLESHER NEWSOM ! 
BY ELIOT BLACK WELDER 


When David Starr Jordan went from the University of Indiana, in 
1890, to organize the new Stanford University, he took with him as 
professor of geology John Casper Branner, who was then State geologist 
of Arkansas, but had previously been professor of geology at Indiana, 
Branner soon gathered about him a group of enthusiastic disciples, 
several of whom had worked with him at Indiana, and one of these 
was John Flesher Newsom. 

Newsom was born at Elizabethtown, Indiana, on September 6, 1869, 
the son of Nathan and Mary A. (Flesher) Newsom. The family was of 
Quaker ancestry. His boyhood, spent on his father’s farm not far from 
Bloomington, developed in him a strong physique and a hardihood in 
out-of-door life that served him well in the arduous expeditions of his 
later years. In his college days he became a prominent athlete, serving 
as catcher on the first baseball team at Stanford, and later distinguished 
himself as a hunter on several of his expeditions into the wilderness. 

In due time Newsom entered the State University of Indiana. As a 
boy he had taken a great interest in nature, and made collections of 
butterflies, reptiles, and stones. It was, therefore, not strange that on 
going to college he sought and found a higher opportunity to develop 
these tastes. His first scientific courses were taken in zoology: but, 
after coming under the inspiring influence of Dr. Branner, he acquired 
a deep interest in geology and soon chose that as his life work. After 
graduating from the university in 1891, he went West and took the 
degree of Master of Arts at Stanford in 1892, at the close of that insti- 
tution’s first vear of existence. He was, therefore, one of the pioneer 
graduate students of the new university. After some vears of subse- 
quent study, field work, and teaching, he was awarded the degree of 
Doctor of Philosophy at Stanford in 1901. 

While engaged in graduate study at the university, Newsom was 
employed during the summer vacations by the State Geological Survey 
of Arkansas as assistant geologist. During two of these seasons (1892- 
1893) Herbert C. Hoover, then a student in the Department of Geology 
at Stanford, was Newsom’s field assistant. The friendship thus begun 
resulted in the two young men being associated in various mining 
enterprises during the next two decades. Long afterward, by a strange 


1 Manuscript received by the Secretary of the Society March 19, 1930. 


= 


BULL. GEOL. SOC. AM. VOL. 41, 1930, PL. 3 


: 
a 
\, 
; 
4 
IX 
A ' 
SV Lt 
> 


whe 


MEMORIAL OF JOHN FLESHER NEWSOM 31 


chance, it proved to be Mr. Hoover’s sad duty to notify Mr. Newsom’s 
family of the sudden death of his old comrade in the city of Washington. 

Newsom returned to the University of Indiana for a period of three 
vears, between 1895 and 1898, acting as a junior member of the geology 
staff. He was then called to Stanford as assistant professor of economic 
geology and mining, and he continued to teach there until 1910, when 
he resigned his professorship. 

During his sixteen years as a college teacher he devoted his summers 
to geologic field work. He soon displayed a liking and aptitude for the 
economic side of the science and for the practical affairs of mining. 
which, at that time, afforded the chief opportunities for economic 
geologists. After studying the phosphate deposits of Arkansas, he 
was employed as a geological engineer on various enterprises and partic- 
ularly in connection with gold dredging operations in the Oroville district 
of California. His inventiveness and practical skill are shown by the 
fact that during this period he designed an improved gold dredge that 
became the standard tvpe of such machines for years thereafter. In 
later vears he made other valuable inventions in connection with the 
dredging of alluvial tin, thereby greatly reducing the cost of recovery. 
Between 1904 and 1908 Newsom had charge of a series of expeditions 
to various parts of Alaska, where his field parties were engaged in 
mining exploration. 

By 1910 his industrial affiliations had become so engrossing that he 
gave up university teaching in order to devote all of his time to explora- 
tory work for certain large mining companies. He spent the first vear 
in Bolivia, was afterward in Nevada and other parts of western United 
States and Alaska, and in 1917 went to the Malay Peninsula, where 
he spent six years in charge of a large placer tin mining enterprise. In 
this work he was assisted for a time by his son, who had recently grad- 
uated from the same department in which the father had formerly 
served as teacher. 

Doctor Newson’s connections with scientific societies reflect the fact 
that his interests were divided between mining and geology. He was a 
member of the American Association for the Advancement of Science, 
the Society of Naturalists, the Society of Economic Geologists, the 
American Institute of Mining and Metallurgical Engineers, the Mining 
and Metallurgical Society of America, the Mechanics’ Institute of San 
Francisco, and the California Academy of Sciences, and was also a 
Fellow of the Geological Society of London and the Geological Society 
of America. 
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Busily engaged in mining enterprises most of the time, even while he 
was a college professor, he found time to write but few papers for 
scientific journals. Most of the articles that he wrote dealt with the 
geology of Indiana, Arkansas, and California. In collaboration with 
Doctor Branner, he wrote for students a book, called “Syllabus of a 
Course of Lectures on Economic Geology.” The many reports he sub- 
mitted to mining companies in connection with his economic work 
doubtless contained the most important results of his scientific studies, 
but these naturally remain unpublished. 

In his scientific work Doctor Newsom was noted for his accurarcy 
and careful attention to detail, and it was this valuable characteristic 
that he impressed most effectively on his students and field assistants. 

His extensive travels far from the usual haunts of the tourist gave 
him a fund of interesting information and stories of adventure for 
which he was noted among his friends. . 

In 1896 Mr. Newsom married Miss Adelaide Perry, of Bloomington, 
Indiana. Their only child was appropriately named John Branner 
Newsom, in evidence of the loyal admiration with which both parents 
regarded the man who had been their best friend for many years. In 
the last year of his life Doctor Newsom and his son returned to the old 
home at Bloomington to engage as engineers in the building-stone in- 
dustry. Together they made an extensive trip through Europe in 1928, 
partly to study certain aspects of quarrying abroad. In October of that 
year Doctor Newsom had occasion to visit Washington and on the follow- 
ing day, while in the Patent Office, he died suddenly of apoplexy. 

Newsom will be remembered by his many friends not only for his 
inventiveness and ability as a geological engineer, but especially for his 
genial companionship and his unfailing kindness. 
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REPORTS OF OFFICIAL REPRESENTATIVES 


Walter IH. Bucher, representative of the Society on the National Re- 
search Council, made the following report on the service of the Council 
as related to geologic activities and research. 


REPORT ON TIE DIVISION OF GEOLOGY AND GEOGRAPITY OF THE NATIONAL 
RESEARCHILT COUNCIL 


BY WALTER H. BUCHER, Representative 


On April 27, 1929, the Division of Geology and Geography of the 
National Research Council held its annual meeting in the offices of the 
Research Council building in Washington, D. C. The chairman, Dr. 
Arthur Keith, read his annual report and 23 technical committees pre- 
sented statements of progress. Instead of taking up the diverse subjects 
of inquiry dealt with during the meeting and reporting briefly on each, 
the writer believes he will serve the interests of the members of the 
Geological Society of America best by selecting a few and presenting them 
in such a way as to illuminate the rdle which our division plays at present 
in the progress of geological and geographical science. This réle con- 
sists chiefly in collecting and transmitting information and ideas; in 
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bringing men together for exchange of ideas and for collective effort, and 
in giving the weight of its authority to enterprises some of which would 
hardly be feasible without such support. 

An outstanding example of one aspect of this function is the report 
of the committee “on submarine configuration and oceanic circulation.” 
This report, on fifty typewritten pages, offers an invaluable summary of 
the chief oceanographic activities in the Atlantic and Pacific oceans, of 
improvements in methods, and of the important literature, besides sug- 
gestions concerning researches needed, Special contributions for this 
report were received from Norway, from the International Council for 
the Exploration of the Sea, and from the Institut fiir Meereskunde in 
Berlin. Information on the Pacific Ocean has been taken from the re- 
ports prepared for the Committee on the Oceanography of the Pacific. 
This is, therefore, even more than Dr. Vaughan’s earlier reports, prac- 
tically a summary of oceanographic progress during the preceding year. 
The preparation of such summary reports is perhaps the most effective 
and needed method of disseminating information and ideas the Division 
can find. One might expect the achievements of this committee to lead 
to a systematic development of this type of report over many fields, 
especially those bordering on the essential domain of the geologist. In- 
stead, there has actually been talk of discontinuing the committee as 
soon as the proposed American Journal of Oceanography comes into 
existence, as if the several hundred specialized pages of a journal of 
oceanography were a substitute for a summary of fifty pages of one vear’s 
progress offered to scientific men at large. 

Other committees have for several years contributed reports of similar 
nature and value. That of the Committee on Sedimentation is issued 
separately and occupies already the important place in geological litera- 
ture it deserves. The reports of the committees on the measurement of 
geological time (Lane); on improvement of methods in gravity measure- 
ment (Bowie); and that on batholith problems (Grout) have been of 
this nature. If this function of the Division is to be developed, it is 
first of all necessary that we geologists know of the existence of such 
committees and write for copies of their reports. Any of them, so far 
as they are not issued in printed form, may be obtained without charge. 

The systematic collection of information concerning organizations 
and materials represents another aspect of this function of the Research 
Council. The Committee on State Geological Surveys (Leighton) is 
preparing a bulletin on the organization, character of work, and accom- 
plishments of the various State surveys and bureaus, which will be 
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published in printed form. The report of the Committee on Tectonics 
(Mansfield) includes a bibliographic list of geologic maps of the States, 
compiled by G. W. Stose and Laurence La Forge, with the cooperation 
of other members of the United States Geological Survey, revised to 
October 1, 1929. This check list should be of value to many geologists 
and may be obtained from the Division without charge. The question 
may well be raised if such material should not be published in a widely 
read journal to increase its usefulness. 

The briefest report, that of the Committee on Abstracts and Bibliog- 
raphies, comprises but two sentences and yet is perhaps second to none in 
importance. It merely states that this is “a service committee ready 
and waiting to assist when called upon for assistance.” Many geologists 
know the “Catalogue of Published Bibliographies in Geology,” which was 
compiled by the chairman of this committee, Dr. E. B. Mathews, and 
published by the National Research Council as Bulletin No. 36, but 
very few know that the committee stands ready to assist in bibliographic 
matters. 

A less tangible though hardly less important function, especially of 
the annual meeting of the Division, lies in the dissemination of informa- 
tion concerning work in progress in various institutions, geological and 
geographical; problems and difficulties calling for solution; suggeste:| 
methods of attack; and related matters. Here the scaitering of ideas 
rather than specific facts is the dominant function which is as fruitful 
as it is difficult to prove it to be. Here may be mentioned Dr. Cush- 
man’s analysis of the problems of micropaleontology given by him as 
chairman of the committee covering this field; the analytical plan pre- 
sented by Dr. Bastin as the basis of work of the subcommittee on criteria 
of paragenesis in ore minerals; Dr. Powers’ report on the research pro- 
gram of the American Association of Petroleum Geologists; Dr. Heald’s 
account of the investigations in progress under the joint auspices of the 
National Research Council and the American Petroleum Institute; 
Dr. White’s survey of paleobotanical studies undertaken in the United 
States; Dr. Bowman’s report on the International Geographical Con- 
gress (published in the Geographical Review for October, 1928); and 
others. As a model of this type of contribution one may well refer 
to Dr. Lindgren’s analysis of the problem of ore deposition given the 
vear before. Ali these reports are contained in the annual report of the 
Division and may be obtained separately if desired. 

Ideas take form and grow when men meet to discuss their problems. 
The prime impulse in this direction emanates from the annual meet- 
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ing. It is transmitted to a large part of the more than 160 men whose 
names figure in the membership lists of the 23 technical committees of 
the Division. 

Many of these committees arrange meetings in connection with the 
annual conventions of the various scientific organizations. Letters 
continue the exchange of ideas and carry it in increasing numbers to 
foreign geologists. The growing connection with European workers is 
especially promising. This year Dr. Ed. Paréjas, of the University of 
Geneva, and Dr. R. Richter, of the University of Frankfort-on-the-Main, 
the creator and director of the “Forschungsstelle fiir Meeresgeologie 
‘Senckenberg’? in Wilhelmshaven,” were added to the Committee on 
Sedimentation. To facilitate communeation with foreign workers, the 
Committee on Tectonics has prepared a list of addresses of foreign 
authors whose names have appeared in the “Revue de Géologie” and 
the “Geologisches Zentralblatt” in connection with papers of distinctly 
tectonic titles. 

Above all, the National Research Council brings men together for 
collective efforts or at least facilitates cooperative work. In preparing 
the “Treatise on Sedimentation,” Dr. Twenhofel received manuscripts 
prepared by fourteen collaborators. The subcommittee on criteria of 
paragenesis in ore minerals reports progress of a similar collaborative 
enterprise as follows: “According to present plans, Mr. Bastin will 
complete the general formulation of the criteria of paragenesis, Mr. 
Schwartz will complete his analysis of ex-solution phenomena, and 
Messrs. Lindgren, Graton, and Short will prepare two or more papers 
on the origin of “pseudo-eutectic” textures in ores. It is hoped that all 
of these phases of the work may be published as a committee report under 
joint authorship or as a series of papers under the authorship of the per- 
son mainly responsible for that phase of the work, but with acknowledg- 
ment of the cooperative effort involved.” 

The Committee on Field Data of Earthquakes (KXeith) set an example 
of organizing and concentrating the efforts of several organizations, 
doing away with much overlapping and duplication of work. The in- 
vestigation of earthquakes east of the western borders of Minnesota 
and Louisiana has been turned over entirely to the committee, while 
earthquakes west of the dividing line will be studied (as before) by the 
Coast and Geodetic Survey. Science Service is cooperating with both 
investigations in sending out initial inquiries to the press of the region 
affected by an earthquake. 

It is impossible to speak of the Division’s results in bringing men 
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together for cooperative work without touching on the last of its fune- 
tions, that of giving the weight of its authority to investigations in 
progress or projected. The work of the Committee on the Measurement 
of Geologic Time has been noteworthy for the “large number and wide 
variety of scientific men” who have cooperated, quoting from an earlier 
report of the chairman, Dr. Lane. ‘Twice this committee has received 
money from an anonymous giver, totaling $5,000, to be used for research 
on the estimation of geologic age by atomic disintegration, the second 
gift having been announced at the last annual meeting of the Division. 

In other cases the value of the Division’s support is not so obvious. 
Thus, for instance, the investigation of the clay minerals, initiated by 
Dr. Clarence S. Ross and carried on in the U. 8S. Geological Survey with 
assistance from several members of the National Museum and one of the 
faculty of Columbia University, was incorporated in the work of the 
Division. The gain in such a metamorphosis may seem slight at first, 
yet it may be very real. It should consist, above all, in securing con- 
tinuity for the necessarily long-time investigation. Despite the best 
intentions, the U. S. Geological Survey, as a public institution over- 
taxed by demands from the outside, can never guarantee such continuity. 
It is especially to be hoped that under the present arrangement the 
invaluable leadership of the chairman may be preserved throughout the 
time required to complete the project. It may also be noted that the 
committee was granted a small subsidy of $300 by the Division of 
Geology in the first vear. In its second year, 1928-29, $450 were 
secured from the Marsh Fund. Whatever may have been the cireum- 
stances of this particular case, the effect of confidence in the stability 
and authority of an enterprise backed by the Research Council is bound 
to make itself felt. 

The potential value of such an organization as the National Research 
Council in connection with appeals for funds is shown by the success of 
the committee on an annotated bibliography of economic geology. 
Within one year 27 mining companies, 9 oil companies, 11 societies or 
institutions, and 116 private persons pledged the sum of $19,324.57 as 
a fund to guarantee the publication of the bibliography for about six 
years. Of this amount less than $3,000 remained unpaid at the end of 
April, 1929. 

The trusteeship of the National Research Council gives a special 
dignity to the proposed Chamberlin Memorial Fund which is most fitting 
to the memory of the master. It should be noted that the proposal te 
create such a fund was made by Dr. Keith as chairman of the Division 


of Geology and Geography. 
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Another aspect of this third function of the Division is seen in the 
work of the committee on cooperation with the Bureau of the Census. 
Cooperation with that as with any similar body is certainly facilitated 
through the official character of the approach through the Division. The 
committee has submitted to the Bureau of the Census outlines of all 
recognized physiographic divisions drawn on a scale 1 to 1 million, with 
as much detail as present knowledge and the scale used seemed to justify. 
The Bureau undertakes to adjust these lines to township boundaries. 
Certain elements of economic and cultural nature will then be tabulated 
and perhaps even plotted by townships. In the end, statistical data will 
be computed for these elements by physiographic units instead of polit- 
ical units, giving the geographer uniquely complete material for the study 
of the relation between physiographical factors and man’s activities. 

The efforts of the Committee on Conservation of the Scientific Results 
of Drilling (Nelson) are characteristic of the possibilities residing within 
the Research Council. These efforts have been directed toward the ob- 
taining of offers from universities and other official organizations for the 
establishment of permanent depositories for drill cores and cuttings and 
records relating thereto. The committee stipulated that any institution 
contemplating the establishment of such a depository should have now 
available at least 25,000 cubic feet of space for such storage under condi- 
tions permitting ready access and proper supervision, including index- 
ing and filing of log records. So far Princeton University and the 
University of West Virginia have requested to be made such permanent 
depositories. 

The backing by an authoritative body is, of course, most keenly felt 
by individuals desirous of doing work which is impossible without the 
assistance of organizations and individuals difficult of access. The fine 
investigations of mean sealevel by Dr. Douglas Johnson, published as 
Bulletin No. 70, of the National Research Council, were made possible 
by liberal assistance from the U. S. Coast and Geodetic Survey, the 
Department of Docks, and the Department of Plant and Structures of 
New York City, and certain individuals. This far-reaching cooperation 
was secured through the support of the National Research Council, after 
Dr. Johnson’s project had been made the object of a special committee 
of the Division. Those concerned with the matter state that it would 
not have been possible to carry it through without the backing of the 
Division. Members of all committees who found it necessary to ask 
individuals and institutions in the country and abroad for assistance 
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have been quick to realize the value of the Division’s authority back of 
their request. 

The history of the committee on studies of pioneer belts offers, per- 
haps, the most striking illustration of the possibilities inherent in the 
Division’s support. At the annual meeting in 1925, Dr. Isaiah Bowman 
presented an informal statement in which he showed that systematic 
studies of the modern pioneer belts are urgently needed. His striking 
exposition at once won the support of the Division and a committee was 
created of which he was chairman. In the following year the committee 
presented its plans to the Social Science Research Council which, in 
turn, appointed a committee. The two committees met repeatedly, even 
for several days in succession, as in August, 192%. Two purposes were 
formulated. First, the views of twenty-five to thirty men who had made 
special studies of pioneer regions in the fields of geography, economics, 
sociology, and and anthropology, were to be issued in book form as a 
broad statement of project. Second, intensive studies first of one, and 
eventually of all the six or eight pioneer belts were to be initiated. 

At the annual meeting of 1928, the committee was discharged he- 
cause both objects had been attained. The book was in course of 
preparation, the American Geographical Society contributing the serv- 
ices of the editor. The sum of $120,000 ($30,000 a year for four 
years) had been appropriated by the Social Science Research Council for 
the study of the North American pioneer belt, under the direction of 
Professor Mackintosh of Queens University, Ontario, and a strong ad- 
visory committee. The results will appear in articles, books, and maps 
published in Canada and the United States. 

Dr. Bowman expressly stated that the original support of the plan 
by Dr. David White, as chairman of the Division of Geology and Geog- 
raphy, was the chief factor in its success. The other prime factor was, of 
course, the energetic development of the project by the chairman and 
the committee. While they gave their time, the Division appropriated 
$400 to defray their expenses, a smaller yet significant contribution. 

In presenting his report in this form, the writer was guided by the 
desire to impress upon his fellow members of the Geological Society of 
America the fact that in the Division of Geology and Geography they 
have a powerful machine at their disposal. What any machine needs for 
functioning is men with a purpose. The Division will reach its greatest 
usefulness when we learn to use it for the achievement of ends that 
exceed in scope the limitations of the individual, and to avail ourselves 
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of its results so that they get before the largest possible number of 
interested men. ‘ 


The Secretary reported for the delegation attending the Fifteenth 
International Geological Congress, as follows: 


REPORT ON THE FIFTEENTH INTERNATIONAL GEOLOGICAL CONGRESS 


BY CHARLES P. BERKEY, Chairman 


The delegates of the Geological Society of America attending the 
Fifteenth International Geological Congress were Alan M. Bateman, 
Charles P. Berkey, Rollin T. Chamberlin, Douglas W. Johnson, Edward 
B. Mathews, Frederick L. Ransome, Joseph T. Singewald, and Bailey 
Willis. 

These, together with representatives from other geological societies in 
the United States, and several others resident for the time being in 
Africa, brought the total number of Americans to thirty-five. 

The formal sessions, which were held in Pretoria July 29 to August 7, 
were both preceded and followed by field excursions, several of the 
longer of which extended over periods from one to two weeks. Other 
shorter one- and two-day excursions were made from Cape Town and 
from Pretoria and Johannesburg as centers, bringing the total number 
of field excursions to twenty-three. Many of these were concurrent, 
arranged for different groups, emphasizing different specific problems and 
proportioning the time differently for this purpose. It was possible for 
each attendant to cover, in this manner, a very wide range of South 
African territory reaching from Cape Town across South Africa to Kim- 
berly, Pretoria, Johannesburg, and east coast, and from Pretoria north- 
ward to the interior of Rhodesia. They gave opportunity to see the 
many remarkable geological features of South Africa under exceptionally 
favorable conditions. Excellent arrangements were made for all these 
field excursions and they were patronized to capacity. 


The discussions of the scientific sessions held in Pretoria were grouped 
under the following principal heads: Magmatic Differentiation, nine 
papers; Glacial Periods, ten papers; the Karoo System, seventeen 
papers; Genesis of Petroleum, four papers; Work of Micro-Organisms, 
two papers; Rift Valleys, seven papers; General Section Miscellaneous 
Papers, forty-nine papers. 

It has become the custom in recent years for each Congress to issue a 
monograph on some important resource of world interest. Such a 
monograph on the “Iron Resources of the World” was assembled by the 
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Eleventh Congress held in Stockholm in 1910; another, the “Coal Re- 
sources of the World,” was issued by the Twelfth Congress held in 
Canada in 1913. South Africa chose to assemble a monograph on the 
“Gold Resources of the World” which will appear in due time as the 
contribution of the Fifteenth International Congress. 

It is an enormous undertaking to carry through such a series of 
meetings and excursions as was planned for South Africa. That the 
whole program was executed so well is a great compliment to the organiz- 
ing ability of the officers of the Fifteenth Congress, Dr. A. W. Rogers, 
President, and Dr. A. L. Hall, Secretary-General, and to the excellent 
teamwork of their associates, who served in every capacity and made it 
possible to care for the multitudinous details of this rather formidable 
undertaking. 

There were representatives from almost every country maintaining 
geological service of any kind, except from the countries of South 
America. The largest attendance came from the various units of the 
British Commonwealth and from the United States. When the time 
came to consider the next place of meeting, invitations were extended 
both from Russia and from the United States. Both countries have had 
the Congress before, the United States in 1891, and Russia in 1897. 
The invitation of the United States was presented in the belief that the 
enormous developments of the last thirty-eight years since the Congress 
was held in this country made it advisable to offer our facilities again. 
This invitation was accepted and the Sixteenth International Geological 
Congress will be held within the borders of the United States during the 


summer of 19382. 


T. Wayland Vaughan presented the following report covering the 
Fourth Pacific Science Congress. 


REPORT ON THE FOURTH PACIFIC SCIENCE CONGRESS 


BY THOMAS WAYLAND VAUGHAN 


As I have already published a general article on the Fourth Pacific 
Science Congress' the present report will be confined to geological sub- 
jects, except that it will be stated that the Congress was first convened in 
Weltevreden on May 16 and that all of the scientific sessions and the 
final general session were held in Bandoeng from May 18-24, 1929. The 
Congress was under the auspices of the Netherlands Indies Science 
Council with the support of the Netherlands Indies Government. 


1The Fourth Public Science Congress. Science, volume 70, pp. 361-364, October 18, 
1929. 
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The attendance of geologists at the Congress was good. The following 
is a list of the countries represented and the geologists or geophysicists 
present: 

Australia: E. C. Andrews, Miss Ida Brown, and C, A. Siissmilch. 
China: George B. Cressey, E. Gherzi, Fong Kin-Lan, and W. I. 
Wong. 
France: A. Lacroix. 
Germany: G. Steinmann. 
Indo-China: F. Blondel, Mr. Goux, and Colonel Mailles. 
Japan: I. Hayasaka, K. Ihara, T. Iki, T. Kato, 8S. Kozu, S. Kuni- 
tomi, M. Masuda, M. Matuvama, 8S. Nakamura, L. Niinomi, 
H. Tanakadate, 8. Tokunaga, T. Tsujimura, and H. Yabe. 
Netherlands: H. A. Brouwer, B. G. Escher, E. van Everdingen, Jr., 
and F, A. Wening Meinesz 
Netherlands Indies: H. Gerth, W. S. Gisolf, A. C. de Jongh, C. E. 
Stehn, and J. H. F. Umbgrove. Also others whose names 
were not listed. 
New Zealand: P. Marshall. 
Philippine Islands: L. A. Faustino and W. Repetti. 
Malay States: J. B. Serivenor. 
United States: Roy H. Finch, A. C. Lawson, G. D. Louderback, 
P. S. Smith, and T. Wayland Vaughan. 


The discussions of geological subjects were arranged as a series of 
symposia, with a leader for the discussion of each topic The leader for 
gravity determinations upon the Pacific was Prof. F. A. Wening 
Meinesz; seismographic subjects, Rev. Father Repetti, S. J., and Mr. 
S. I. Kunitomi; for volcanology, Prof. H. Tanakadate, Dr. B. G. Escher, 
and Mr. R. H. Finch; the chemistry of igneous rocks and the evidence 
for the existence of co-magmatic regions in and areund the Pacific, 
Messrs. S. Kozu and A. Lacroix; structural geology and geotectonic 
movements in the Pacific region since the Pliocene, Dr. P. Marshall; 
geological mapping in the western Pacific, Mr. F. Blondel; foraminifera 
and vertebrates in Tertiary and post-Tertiary sediments, Prof. H. Yabe. 


Two subjects in which considerable geological information was included, 
namely, the present status of oceanographic research in the Pacific, and 
recent investigations of the coral reef problem, were presented by T. 
Wayland Vaughan. 
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The foregoing list shows that a considerable number of topics were 
discussed, and the list of geologists present show that important authori- 
ties on nearly all of the subjects were present. At the final session of the 
Congress several resolutions regarding geological matters were adopted. 
They pertain to the following subjects: General geological mapping of 
the countries around the south China Sea; a revision of the data com- 
piled for the Geological Congress in Toronto, in 1913, on the coal re- 
sources around the south China Sea; a systematic study of rock 
alteration in the countries around the south China Sea; monthly inter- 
change of special bulletins of important earthquakes between cooperating 
observatories of the Far East, without altering existing arrangements; 
the intensive investigations of the geology and physiography of coral 
reefs and associated phenomena in the Society Islands, and an intensive 
study of Rose Atoll (a nullipore atoll) in the Samoan Archipelago. 

There were excursions of significance to geologists, both prior and 
subsequent to the sessions of the Congress, and during the sessions there 
were short excursions to localities in the vicinity of Bandoeng. These 
were so arranged as to give a good idea of the major geological features 
of Java. 

Everyone who attended the Congress left the Netherlands Indies with 
a feeling of satisfaction and gratitude to our hosts who had done so 
much to make the Congress scientifically successful and humanly 
pleasant. 


ANNOUNCEMENT OF THE APPOINTMENT OF TWO RESEARCIL CONSULTANTS 
IN SCIENCE AT THE LIBRARY OF CONGRESS 


BY LAWRENCE MARTIN ! 


Geologists will be interested to learn that the Library of Congress is 
adding to the corps of specialists associated with its service two con- 
sultants in science whose specialties are geology and geography and who 
are eminent and beloved members of this Society. Deferring for the 
moment mention of their names, let me explain that the corps of 
specialists at the Library termed “consultants,” as distinguished from 
the incumbents of the several “chairs,” has lately been enlarged for a 
period by a grant from the General Education Board which, by provid- 
ing small honoraria, enables six such specialists to be added to the two 
already in the service (one in bibliography, one in Hispanic literature). 

1 Announcement on December 26, 1929, by Col. Lawrence Martin, President of the 


Association of American Geographers, Fellow of the Geological Society of America, 
and Chief of the Division of Maps at the Library of Congress. 
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Among the six for this year are Dr. Victor 8. Clark (in economics) ; 
Prof. William A. Hammond (in philosophy) ; Prof. Henry E. Bourne 
(in European history) ; Dr. Mark A. De Wolfe Howe (in English litera- 
ture): Prof. Henry N. Fowler (in classical literature); and Prof. 
Charles S. Lane (in church history). The presence of science in this 
group is natural and desirable. The choice of geology as the natural 
science to be represented under the grant of the General Education 
Board is more than gratifying. 

The phenomenon of research consultants at the Library of Congress 
represents an innovation. A cognate innovation is the establishment 
there, by endowment, of certain “chairs.” The essential difference be- 
tween the incumbents of “chairs” and the research consultants is that the 
former are engaged in the administration of divisions of the Library of 
Congress, as well as in the interpretation of the materials under their 
custody, while the consultants have no administrative duties but serve in 
a purely individual and advisory capacity, rendering counsel in response 
to suggestions and inquiries, by visit or by correspondence, which they 
will welcome. There is already provision for five “chairs.” The four 
incumbents thus far appointed are specialists in music, in American 
history, in fine arts, and in aeronautics. 

The geologist and the geoprapher who, for part of the present year, 
are to be associated with this advisory service as consultants are Prof. 
Alfred C. Lane, of Tufts College, Mass., who will come within the group 
provided by the grant of the General Education Board; and Prof. Albert 
Perry Brigham, of Colgate University, Hamilton, N. Y., whose service, 
however, although akin in nature, will be purely honorary, as is the 
service of some others at the Library of Congress, including that of the 
honorary consultant in bibliography and research. 

Let me add that this grant from the General Education Board is for 
the purpose of demonstrating the possible utility of such a service 
which, to be fully effective, would require both a permanent provision 
and a corps of at least fifteen. 

The demonstration must, of course, include proof that the service is 
resorted to. Obviously then it will be adjudged in proportion, as it is 
not merely potentially useful but actually taken advantage of, not only 
by inguirers at large but also by specialists within the several fields who 
might benefit by it. There may be some such among the experts in 
geology and geography represented at this meeting. 
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TITLES AND ABSTRACTS OF PAPERS 
GENETIC CLASSIFICATION OF ROCKS 
BY GEORGE HALCOTT CHADWICK 
(Abstract) 


The system of genetic terms compiled or invented by Grabau needs ampli- 
fication, especially to provide for rocks of mixed origin—as, for example, 
magma-invaded sedimentaries. It is proposed to make the primary distine- 
tion between rocks of unmixed types or orthogenetic (orthogenic) rocks, and 
those of mixed parentage (subsequent addition) or misgegenetic (misgegenic) 
rocks. Under the former will come the endogenetiec and exogenetic (clastic) 
groups of the established system. Under the latter we may distinguish a 
pyromisgegenic group, of soaked and injected types, and a hydromisgegenic 
group of replacements and amygdaloids. 

A minor change is suggested in the pyrogenic division. The guiding 
criterion of a genetic arrangement should be mode of origin, not chemical 
composition, and the importance of the place of solidification (with resulting 
texture) should have emphasis. The terms Voleanic and Plutonic are well 
established. To complete the trio, the name of Charon the ferryman is 
applicable to the intermediate (“trappean”) or Charonic rocks. 

In the biogenic division, again, emphasis should be on origin rather than 
composition; and the biologic process is the controlling factor rather than 
the plant or animal nature of the organism, as is evident in ‘“coral’’-reef 
limestones. The three sub-groups indicated are the (a) Testaceous and 
Skeletal, almost wholly calcareous, the (0) Excretal, as guano and amber, 
and the (c) Xylaceous (carbonaceous) or coal series. 

A chart of the complete genetic classification follows: 


Revised Genetic Classification of Rocks 


A. Orthogenetic (unmixed) types: 
I. Endogenetic— 
1. Progenic rocks 
i. Plutonic (intrusive, bathyal) 
ii. Charonie (intrusive, intermediate) 
iii. Voleanic (effusive, surficial) 
la. Pyrohydrogenic rocks 
iv. Pegmatitic 
2. Hydrogenic rocks 
i Evaporates 
ii. Precipitates 
2a. Biohydrogenic rocks 
3. Biogenic rocks 
i. Skeletal 
ii. Excretal 
iii. Xylaceous 
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3a. Bioatmogenic rocks? 
4. Atmogenic rocks 
II. Exogenetie (clastic) 
1. Pyroclastic rocks 
2. <Autoclastic rocks 
3. Atmoclastic rocks 
4. Anemoclastic rocks 
da. Anemopyroclastie rocks 
4b. Hydropyroclastic rocks 
5. Hydroclastic rocks 
i. Biogenous (“‘organic’’) 
ii. Bioterrigenous (“impure”) 
iii. Terrigenous (“inorganic”) 
6. Bioclastic rocks 
B. Misgegenetic (mixed) types: 
I. Pyromisgegenic— 
1. Assimilation rocks 
2. Soaked rocks 
3. Lit-par-lit rocks 
II. Hydromisgegenic— 
1. Replacement rocks 
2. Impregnated rocks 
3. Amygdaloids 


Brief remarks were made by Messrs William J. Miller, Lawrence 
Martin, and Alfred C. Lane. 


GEOLOGY OF THE COAST RANGE IMMEDIATELY NORTH OF 
SAN FRANCISCO BAY 


BY CHARLES E. WEAVER 
(Abstract) 


Detailed areal geologic mapping of the Napa, Mare Island, Carquinez, Vaca- 
ville and Antioch quadrangles, situated in the central coast ranges of Cali- 
fornia, show a complicated history extending from the Jurassic to the close 
of the Pleistocene. Thirty-six distinct formations can be recognized. The 
oldest, or Franciscan, is of probable Jurassic age and composed of sandstones, 
radiolarian cherts and limestones, together with associated basic intrusive 
and extrusive rocks, all of which are greatly altered. The Cretaceous is rep- 
resented by the Knoxville and Chico formations of marine origin possessing 
a thickness of more than 20,000 feet. The Martinez, Meganas, and Domengine 
formations constitute the Eocene, the uppermost, or Tejon, being absent. 
Marine sandstones and shales enter into the Oligocene and Miocene forma- 
tions, but those of the Pliocene are largely of continental origin including 
great thicknesses of andesitic and rhyolitic lavas and tuffs. 

At the close of the Pliocene all of these materials were subjected to intense 
diastrophic movements accompanied by thrusting on an extensive scale, caus- 
ing the older metamorphosed Franciscan rocks to rest upon the folded Cre- 
taceous and Tertiary sediments. 
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Brief remarks were made by Prof. Andrew C. Lawson. 
FRACTURED STALACTITE-STALAGMITE 
BY EDGAR T. WHERRY 
(Abstract) 


A small cave in southwestern Virginia, entered by a prospect shaft, yielded 
a stalactite-stalagmite fractured in a puzzling way. Material had deposited 
to the point where the tip of the stalactite had united with the upper end of 
the stalagmite, forming a column. A minute horizontal fault had subsequently 
affected the rocks, but instead of shearing the column at the thinnest point, it 
sheared this through the thick stalagmite a short distance below the junc- 
tion. The upper segment of the column was exhibited. 


DEPOSITION AND AGE OF THE HERMIT SHALE 
BY DAVID WHITE 
(Abstract) 


The Hermit shale in the Grand Canyon, Arizona, consists of red silts and 
fine sands, stream-bedded in the lower, fossiliferous, portion, resting on an 
old arroyoed surface, and shrunken, with gigantic cracks, at the top, beneath 
the pale buff Coconino sands. 

The small xerophytic flora, interpreted as indicating a semi-arid climate 
with long hot dry seasons, combines European Cosmopolitan species with a 
group of interesting forms clearly connected with the Uralo-central Asian . 
Permian and the Gondwana floras of the Southern Hemisphere. Descrip- 
tions of the plants and the sediments are in course of publication by the Car- 
negie Institution. 

The composition and distribution of the flora, almost without Pennsyl- 
vanian genera, point distinctly to a high stage in the lower Permian, prob- 
ably not far below the copper-bearing shales and Zechstein of the basal 
Upper Permian of Europe. According to the Hermit flora, the Kaibab lime- 
stone might well overlap on Zechstein time. 


SUBDIVISION OF GEOLOGIC TIME 
BY GEORGE HALCOTT CHADWICK 
(Abstract) 

The lack of balance in our classic geologic time table has been graphically 
portrayed by Professor Schuchert in the form of a clock dial (Textbook, 1924, 
II: 105, figure 26). Against the “55%” of the Precambrian we still balance 
the “4%” of the Cenozoic; and, if we try to find names expressive of the two 
major divisions, the approximate halves, of elapsed recorded time on the 
earth, the only ones that come to hand are the hopelessly negative ‘“pre-Cam- 
brian,’ and “post-Algonkian,”’ the former widely current, the latter employed 
but rarely though introduced long ago by the same high authority. ‘“Post- 
Cambrian,” sometimes used in this sense, is of course erroneous, if meant to 
include Cambrian, and “post-pre-Cambrian” it is absurd. 
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Admitting that the greatest break in our geologic record came at the initia- 
tion of the Paleozoic, our search for suitable terms leads finally to the con- 
clusion that life is after all the main criterion, as seen in the familiar ‘-zoic”’ 
endings for the eras, and that the prefixes formerly used by the botanists 
have the merit of familiarity as well as applicability, namely “crypto-” (ob- 
secure) and “phanero-” (conspicuous). But shall we prefix these to “-zoic” 
(animal) or to “-biotic’” (organism) ? 

For purpose of discussion, and in the hope of eventual agreement on a 
better balanced nomenclature, the following classificatory scheme is offered 
for criticism, all the terms used, except the major ones just mentioned, being 
already in some or all of the textbooks. Those most commonly employed are 
italicized. Professor Schuchert’s percentages have been added to indicate the 
approach to consistent balance. 

Phanerozoic or Phanerobiotic 45% 

Neozoic 15% 
Cenozoic 4% 
Mesozoic 11% 
Paleozoic 30% 
Neopaleozoic 1614% 
Sopaleozoic 1314% 
Cryptozoie or Cryptobiotic (Precambrian) 55% 
Proterozoic 25% 
Archeozoic 30% 


SCIENTIFIC AND PRACTICAL VALUE OF TRIANGULATION 
BY WILLIAM BOWIE 


(Abstract) 

The triangulation net of the United States was begun in 1816 as an incident 
to the charting of the coasts and adjacent waters. Later the Atlantic, Pacific 
and Gulf coasts were joined by first order triangulation. The interior net- 
work of triangulation has been extended to such a degree that there are now 
about 26,600 miles of ares. In order that the net may be completed there 
will be executed 48,400 miles of first and second order triangulation, after 
which there will be no place in the United States more than about 25 miles 
from a triangulation station. 

The triangulation is of such accuracy that distances can be carried across 
country with an accuracy greater than one part in 200,000. This has been 
proved by the results of the adjustment of the 13,000 miles of arcs in the 
western half of the United States. 

Among the scientific values of triangulation may be mentioned: the determi- 
nation of the shape and size of the earth: the determination of differences 
from normal densities in the material lying in the upper portion of the earth’s 
crust; testing of the isostatic condition of the crust of the earth; the de- 
termination of earth movements in regions of seismic activities between earth- 
quakes or during an earthquake; the determination of distances with great 
exactness for special scientific research. A notable example of this was the 
determination of the distance between San Antonio Peak and Mount Wilson, 
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California, approximately 23 miles apart, for use in the determination of the 
velocity of light by Prof. A. A. Michelson. 

Among the practical uses of triangulation are: furnishing the framework 
for the topographic and other maps of the country; the location of State, 
county and international boundaries: the location and alignment of railroads 
and highways; the control of topographic, engineering and cadastral surveys 
in cities; and the location of the boundaries of private property. 


Brief remarks were made by Messrs. John E. Wolff, W. H. Hobbs, 
Andrew C. Lawson, and George (. Branner, with reply by the author. 


AMYGDALOIDS AND CAVITY FILLINGS 
BY FREDERICK K. MORRIS 


(Abstract) 


Cavities in igneous rocks may be classified as follows: 1: Cavities formed 
during the magmatic history: including vesicles due to expanding gasses, 
either derived from the magma or from volatiles introduced from sources 
outside the magma; flow spaces or lava-caverns; the kneaded cavities and the 
unshaped irregular spaces in rough lavas; miarolitic cavities of several species ; 
cracks due to contraction. 2: Openings due to earth movements; including 
the large majority of joints: cracks and spaces found in fault planes and fault- 
breccias ; and the spaces occupied by many veins and dikes. 38: Cavities due to 
partial or complete solution and removal of a crystal, or of a portion of a rock 
or glass; or to the enlargement of a primary cavity by alteration and removal 
of surrounding rock. 4: Residual cavities, due to incomplete filling of a 
cavity. 5: Revived cavities due to partial or complete removal of a cavity- 
filling. The augite-andesite dikes in the Liu Kiang coal field of Chihli 
province contain small, uniform amygdaloidal vesicles filled with quartz and 
chlorite. The heated coal furnished volatiles which penetrated the dikes, 
bringing veins of black carbonaceous matter into the igneous rock, the 
amygdular fillings and along the thin veins connecting them. Penetration of 
another dike by volatiles from coa? is described from near Chin Wang Tao. 
In these examples the volatiles which made and filled the openings were 
probably introduced into the magma, and the examples belong under Class 1. 
The amygdaloidal basalt of the Hsi Shan is next considered, and a sill from 
Niang Niang Miao; and the dikes of the Linsi Coal field, all in Chihli 
province. The Linsi dikes contain true vesicles and also pseudamygdules in 
Pumpelly’s sense of the word. Other studies support the inference that the 
spaces occupied by many veins and dikes are made by earth-movements, not 
hydrostatic pressure or pressure of growing crystals. 


GEOLOGIC SECTION ACROSS THE SOUTHERN SIERRA NEVADA 
WILLIAM J. MILLER 
(Abstract) 


Very little has been published on the geology of the southern Sierra Nevada 
Range. In an attempt to learn something of the geomorphology, the kinds 
and ages of the rocks, and the structure of this region, the writer has run 


IV—BULL. Grou. Soc, AM., VoL. 41, 1250 
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an east-west structure section across it for a distance of fifty miles at the 
latitude of Kernville. This has involved the making of a detailed geologic 
map of one-third of the Kernville quadrangle. 

The southern one-fifth of the Sierra Nevada, unlike the range as a whole, 
is not a conspicuously tilted block, but it is a deeply dissected plateau with its 
higher altitudes mostly ranging from 7,000 to over 9,000 feet. 

The oldest rocks consist of a meta-sedimentary series of phyllite and schist, 
quartzite, and crystalline limestone with a thickness of thousands of feet. 
This series is probably of Triassic or Jurassic age. A number of large and 
small areas of these rocks were found, and they seem to be roof pendants 
on the granite. Next in age is a diorite varying to a meta-diorite, consider- 
able bodies of which occur. Still younger is the granite varying to granodio- 
rite. It is regarded as of late Jurassic age. This granite is the most common 
rock, but it is by no means, as generally supposed, practically the only rock 
in the southern Sierra Nevada. 

In regard to the mode of emplacement of the granite, there is little evidence 
to show that the theory recently advocated by H. Cloos is applicable. The 
generally very massive character of the granite suggests that it was intruded 
under conditions of only moderate lateral pressure. probably after the severe 
late Jurassic orogeny had greatly subsided. 

There is evidence to support the conclusion that considerable portions of 
the granite were contaminated by magmatic assimilation of diorite. 

The general structural trend of foliation, and of masses included in the 
granite, is north-northwesterly. 

Brief remarks were made by Messrs. Eliot Blackwelder and John E. 
Wolff. 

GEOMORPHOLOGY AND THE QUESTION OF GEOLOGIC TIME 
BY F. E. MATTHES 


(Abstract) 

Geologists today still differ widely in their views as to the probable length 
of geologic time. Some abide by old time scales that allow only 30 million to 
100 million years for the entire period since the beginning of the Paleozoic. 
Others prefer Barrell’s scale, which allows more than 600 million years. This 
vast discordance of ideas is, however, scarcely justified by the present state 
of geologic knowledge and, when bared to hostile critics, makes the science 
appear much weaker than it really is. 

Though it may not be possible ever to compute with accuracy the duration 
of any time division of geologic history, nevertheless, data are already at 
hand indicating the general order of magnitude which the time figures should 
have. Some geomorphologic data will be presented that. it is believed, rule 
out decisively the shorter time scales and eall for figures of the high order 
of magnitude of those based on the rate of atomic disintegration of 
uranium. 

Brief remarks were made by Messrs. Andrew C. Lawson, George H. 
Chadwick, Ralph W. Chaney, R. C. Moore, F. K. Morris, and William 
C. Alden, with reply by the author. 
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PENNSYLVANIAN-PERMIAN SHALE BASIN OF WEST TEXAS 
BY E. H. SELLARDS 
(Abstract) 


The extensive drilling of the past several years has brought to light much 
information on the Permian and Pennsylvanian sediments in the salt basin of 
west Texas. The sediments in the basin are eiitirely covered by Triassic, 
Cretaceous and Cenozoic deposits and hence in their basin phase are known 
only from the drill records. The higher Permian formations including the 
salt series are known from diamond drill core records made in connection with 
prospecting for potash. The deeper sediments including the older Permian 
and Pennsylvanian are known only from cuttings obtained in standard 
drilling. The maximum depth at which the sediments are known at the 
present time is 8,525 feet. The facies presented by the older Permian and 
Pennsylvanian of the basin is unlike that of formations of the same age ex- 
posed at the margins on the east and west sides of the basin and contains 
a great series consisting of shales and dark shaly limestones with relatively 


few fossils. 


Brief remarks were made by Mr. F. Julius Fohs. 


SEDIMENTATION CYCLES IN THE PENNSYLVANIAN OF THE NORTHERN 
MID-CONTINENT REGION 


BY RAYMOND C. MOORE 
(Abstract) 


Detailed stratigraphic studies of the Pennsylvanian deposits of Kansas, 
Nebraska and northern Oklahoma show that well marked rhythms or cycles 
of sedimentation characterize at least a considerable part of the section. They: 
are perhaps most typically and completely developed in the upper Douglas 
and Shawnee groups which consist of alternating shale and limestone forma- 
tions averaging about 60 and 40 feet respectively in thickness. The shale 
formations are clayey to sandy, well stratified and commonly are composite 
in origin, partly marine and partly non-marine. Land plant fossils and thin 
coal beds may be present. The limestone f6rmations are composed of five 
members where the cycle is completely developed, consisting in upward order 
as follows: (1) limestone, yellowish brown, massive, locally irregular and 
impure, about 5 to 10 feet; (2) shale, clayey to calcareous, bluish, gray or 
yellowish, 5 to 15 feet or more; (3) limestone, blue, very hard, dense, brittle, 
a single massive bed weathering in angular blocks, thickness never more than 
2 feet; (4) shale, dark bluish and black, fissile, Glayey. the black zone always 
occurring at the base, 3 to 8 feet; (5) limestone, light gray, thin and unevenly 
bedded, in some cases chert-bearing, generally 10 to 20 feet thick. These 
sequences so closely duplicate one another that it is easily possible to mis- 
take the identity of a formation without careful attention to faunal char- 
acteristics or stratigraphic position. Traced southward, the lowest limestone 
member is found in each case to grade into sandstone, while other units per- 
sist with little change into northern Oklahoma. 
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The cyclic arrangement of these lithologically distinctive depositional units 
is evident, but its significance as to conditions of origin is as yet undetermined. 
Additional study is likely to establish a correlation between the cycles here 
described, representing conditions of sedimentation in the more persistently 
inundated portion of the marine basin, and those recently determined by J. 
Marvin Weller and others in Illinois, where non-marine deposits are rela- 
tively much more important. 


At this point, 1:10 p. m., the session adjourned for luncheon. 


Session OF TuHurspAy AFTERNOON 


The afternoon session was opened at 2 o’clock, in the theatre, with 
Vice-President W. S. Bayley in the chair. 
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CIRCULAR STRUCTURAL DEPRESSIONS IN DICKINSON COUNTY, KANSAS 
BY JOHN L. RICH 
(Abstract) 


Two nearly circular structural depressions having diameters of about two 
and one-half miles, with slightly elevated rims and structural depths of nearly 
100 feet, are described. A test well in center of one of them showed con- 
tinuance of the feature with depth. What may have caused such depres- 
sions? 


Brief remarks were made by Prof. George H. Chadwick. 


STRUCTURAL HISTORY OF THE CAP AU GRES FAULTED FLEXURE, ILLINOIS 
BY W. W. RUBEY 
(Abstract) 


The name Cap au Grés fault has long been applied to a narrow belt of steep 
dips and essentially vertical faults that makes the south limb of a large asym- 
metrical anticline in northeastern Missouri and southwestern Illinois, north- 
east of the Ozark Uplift. Detailed field studies of the Illinois portion of this 
faulted belt indicate that uplift along it began with gentle warping in Silu- 
rian time, continued intermittently through the Devonian and Mississippian, 
culminated in sharp folding before the Pennsylvanian, and waned with minor 
faulting or folding after Pennsylvanian, again after late Tertiary, and pos- 
sibly continuing into historic time. 

The structure has been interpreted by some geologists as “drag” along a 
normal fault; but faulting was found to be distinctly subordinate to steep 
folding, and in many places faulting seems later than folding—neither of 
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which relations support that interpretation. Furthermore, the fact that thick 
beds of competent limestone stand vertical and even overturned without being 
appreciably thinned seems to demand crustal shortening rather than crustal 
extension. Other field relationships also lead to this same conclusion. But it 
does not necessarily follow that the faults must be either (1) high-angle 
thrusts or (2) normal faults that represent a complete relaxation from 
earlier compression and a change to crustal extension. Normal faulting in 
surficial beds as a late stage in the compression and uplift of a mass of rock 
seems a mechanically simpler explanation. 


Brief remarks were made by Prof. Harry Fielding Reid. 
FOLDING AND FAULTING OF STRATA 
BY HARRY FIELDING REID 
(.1bstract) 


There are two ways in which strata are compressed: (a) by horizontal 
shortening with vertical extension, without folding: (0) by folding. By the 
first method a curved line may be strongly folded though it bear no relation to 
the strata; by the second method a competent may at first bend elastically, 
but this passes over gradually into a plastic deformation. Folded strata are 
not analogous to the bending of thin elastic sheets. When bending of a 
competent stratum begins the forces may be applied to its ends only; but 
before the bending reaches the stage known as “open folding” forces are ap- 
plied to the sides of the folds; and when close folding is reached the forces 
are applied wholly to the sides and the compression follows the first method, 
with thinning of the sides and thickening of the crests and troughs. The 
distortion of strata depends on the forces acting at the place of distortion ; 
and all strata transmit forces perfectly. The neglect of these principles has 
led to misinterpretations of experiments on the formations of folds and faults. 
Folds alone are developed when the stresses do not rise to the strength of the 
rock, and are closer as the time during which the forces act is greater. Faults, 
on the other hand, occur where the stresses attain the strength of the rock, 
and are not dependent on the time. The forces acting on the strata are always 
balanced by equal resistances; it is the forces per unit area that must be 
considered and not the total forces. These two classes follow different laws 
of composition and resolution. 


SOME NEW DATA ON THE MAJOR FAULT BLOCKS OF SOUTHERN CALIFORNIA 
BY ROBERT T. HILL 
(Abstract) 


The plan and ages of the great major fault systems which outline the 
physiography of Southern California are gradually being worked out and 
interpreted. The plan is so large and extensive that it is difficult to compre- 
hend. The writer maintains that there are several distinct directional belts 
of faulting of different ages, instead of all belonging to a single conjugate 
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system. The present paper gives some instances and illustrations which sup- 
port his theory of the age groups. It is hoped to show that the older north- 
south structure of the Basin range type has been successively cut across 
by at least two great fault belts of later age, of east-west and northwest- 
southeast directions respectively. The following examples are given: 

1. The crossing out of the Great Basin (north-south) fault belts of Miocene 
age by those of the Pacific (northwest) type of Pliocene and Pleistocene age. 

2. Intersecting fault structures of the San Jacinto Highland and San 
Gorgonio Pass. 

3. Fault system intersections in the San Gabriel highlands, illustrated by 
(a) the Bouquet Canyon district, and (b) the Tujunga Creek district, in both 
of which examples are given of the crossing of the older faults of east-west 
direction by later northwest faults of the Pacific type. 

4. Recent releases along the California coast which illustrate methods of 
movement along these faults and the progressive growth of the highland 
blocks at (@) Point Firmin and (0) Point Loma. 


THRUST-FAULTING FROM THE WEST IN THE APPALACHIANS OF VIRGINIA 
BY WILBUR A. NELSON 
(Abstract) 


A discussion of thrust faulting from the west as seen in several belts in the 
folded Appalachian region of Virginia, extending from Russell County to Rock- 
bridge County, Virginia. The thrust faults seen to date occur in rocks of 
Silurian and Devonian ages, and have throws of several hundred feet. This 
faulting is younger than the major thrust faulting from the east, as it breaks 
the crests of the folds formed during that time. <A fault scarp in Russell 
County indicates recent movement along this west-east thrust fault. 


Brief remarks were made by Prof. F. K. Morris. 


GEOLOGICAL SIGNIFICANCE OF WATER ANALYSES 
BY A. C. LANE, R. B. NEWCOMBE AND W. A. THOMAS 
(Abstract) 


Waters of different strata have a character of their own depending on 
their history. The waters of arid regions differ from those of more humid 
regions and these again from the sea water which is characterized by an 
especial accumulation of chlorine. The waters, however, of any one geologic 
stratum vary with the depth and the amount that circulation from the surface 
or diagenetic changes have affected the connate water. Nevertheless, the 
thousands of analyses which have been made in connection with oil explora- 
tion show that they are significant. In particular, near old surfaces of un- 
conformity there is a greater circulation of water from the surface and in the 
case of marine strata this generally but not always produces an increase of 
sodium to chlorine. Thus old lines of unconformity may sometimes be sug- 
gested, and the extension of an unconformity from Milwaukee into Michigan 
beyond Muskegon eliminating the Dundee formation and the effect on paleo- 
geographical maps is discussed. 
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The existence of this unconformity of considerable magnitude in south- 
western Michigan is evidenced from extensive drilling brought about by oil 
and gas development in that vicinity. Studies of westward convergence, and 
formation contacts in various wells show the presence of a marked hiatus at 
the close of Onondaga time due to both erosion of the Dundee limestone and 
non-deposition of the Bell shale. The progressive overlap of the Bell shale is 
well demonstrated and the extensive erosion and denudation which the 
Dundee must have undergone would indicate a greater southwestward extent 
for the Onondaga seas than previously considered. 


Presented by Professor Lane and Mr. Newcombe. 


STRUCTURE OF MANTI-SALINA AREA, UTAH 


BY EDMUND M. SPIEKER 
(Abstract) 


The western border of the Wasatch Plateau, in central Utah, is a faulted 
monocline involving a section of rocks ranging in age from Jurassic to Recent. 
In the southern half of the area, between Manti and Salina canyons, the Meso- 
zoic rocks are sharply folded and are overlain in angular unconformity by the 
Tertiary rocks. The eastern margin of the post-Mesozoic folding lies within 
the district. Upon the older structure is superposed a succession of later 
structures, principally normal faults and tilted monoclinal blocks, which 
almost certainly belong to the same general group as the normal faults of 
the Great Basin. The faults continue eastward, beyond the limits of the fold- 
ing, into the western part of the higher Colorado Plateaus, where the Tertiary 
rocks overlie the Mesozoic in structural conformity, and the district thus in- 
cludes, for this part of Utah, the transition zone between the geologic proy- 
inces of the Great Basin and the Colorado Plateaus. The eastern margin of 
the Great Basin has generally heen accepted as the front of the Wasatch 
Mountains and their physiographic continuation south of Mount Nebo, but the 
geologic province extends farther east, into the district here discussed. 

Field work in 1929 adds many facts to the sum gathered in earlier years 
and allows conclusions as follows: 

1. After the main post-Cretaceous folding a later, post-lower Wasatch move- 
ment, less intense but probably also compressional, penetrated the rocks. Evi- 
dence of this movement lies in a double angular unconformity in the northern 
part of the district and in the presence of unusual relief on the unconformity 
in the southern part, the relief being on soft Jurassic shales which normally 
would not have remained as hills while hard sandstones to the east were 
planed off, but which must have been squeezed up to their present condition 
and covered by deposits before erosion could wear them down. Recognition 
of the lowest Eocene rocks above the unconformity in Salina Canyon as Flag- 
staff (middle Wasatch) in age instead of lower Wasatch, as formerly identi- 
fied, adds strength to this conclusion. 

2. Several stages of normal faulting are present. some recognizably super- 
posed on others, some earlier than the tilting of the monocline, some probably 
contemporaneous, and some later. Transverse faults, not common in the 
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main body of the plateau, are present and belong in part to the older group 
and probably in part to the group contemporaneous with the monocline. The 
superposition of several generations of faulting and tilting on the older 
superfolded structures has produced complex and puzzling field relationships, 
augmented by the fact that some of the Eocene rocks are closely similar to 
some of the older Mesozoic. 

3. Extreme recency of some of the faulting and tilting of the beds is shown 
by (a) tilted conglomerate containing worn pebbles of lava from beds that 
flowed out after the present surface features had assumed shape; (0) fresh 
rifts and scarps, near the crest of the plateau, of faulting probably later than 
the movement just mentioned, that have dammed the heads of streams and 
produced lines of lakes and other surface phenomena as yet little affected 
by erosion. The latter phenomena probably represent the same general 
movements that have produced the fresh searps that are fairly abundant 
farther west in the Great Basin. 

4. The monocline is a composite tilted fault block rather than a simple 
flexure, in which the dominant movement has been downward from the level 
of the crest of the plateau to the bordering valleys on the west, but in which 
nearly all the visible faults are downthrown to the east, in direction opposite 
to that of the main movement. These faults might possibly belong to a genera- 
tion earlier than the monocline and thus might not be mechanically related 
to it, but evidence suggests they are contemporaneous or later, necessitating 
either rotation of the blocks as the monocline tilted, or eastward spreading 
of the downward movement after the stresses on the west had been satisfied. 


ADDRESS OF THE RETIRING PRESIDENT OF THE MINERALOGICAL SOCIETY 
IRIDESCENT COLOR IN PERISTERITE 
At 4 o’clock the joint session arranged with the Mineralogical Society 
was called, Vice-President Arthur L. Parsons, retiring President of the 
Mineralogical Society of America, taking charge of the session and pre- 
senting an address entitled “Iridescent color in peristerite.” 
At the conclusion of this address the additional papers listed for the 


joint session were presented. 
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CHEMICAL CHARACTERIZATION OF ROCK TYPES 


BY EDWARD B. MATHEWS 


(Abstract) 


Many methods have been proposed for the assembling of rocks according 
to their supposed chemical similarities. Most of them have involved some 
more or less complicated program of reduction, such as the methods of Osann, 
Niggli, or the “Quantitative Classification,’ which it is hard for the student 
to visualize, or some presuppositions on the part of the authors either ex- 
pressed or implicit. 
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Geologists the world over, with varying degrees of interest in precise 
petrography, have used certain common terms in discussing their rocks. The 
author, using a collection of more than 15,000 analyses to see if there is any 
preciseness in the concepts covered by the common terms, granite, diorite, et- 
cetera, has plotted a digest of these analyses on cards, involving some of the 
simpler graphic methods employed in statistical analysis. 

These cards permit the plotting of the frequency of occurrence of specific 
values for each of the eight common oxides in the commonly named rocks. 
The number of determinations of each oxide has been reduced to the per- 
centage basis, thereby eliminating, for comparative purposes, the confusion 
of varying numbers of analyses considered in the different groups. 

Experience has shown that these graphs are easily understood by the 
student, are better than arithmetical “averages,” and supply a ready means 
for evaluating the sharpness of the underlying chemical concepts and the 
consistency of individual pet rographers, 


AGE AND ORIGIN OF THE SIDERITE AND LIMONITE OF THE BURDEN IRON 
MINES NEAR HUDSON, NEW YORK 
BY RUDOLF RUEDEMANN 
(Abstract) 


The writer has arrived at the following conclusions from a study of the 
geologic conditions surrounding the siderite and limonite ore deposits near 
Hudson, New York. 

(1) The ore-deposits are of Normanskill age as graptolite beds carrying 
Normanskill graptolites are found above and below them. 

(2) The ore-deposits are contemporaneous with the Normanskill grit, and 
did not originate from later infiltration of iron solutions into limestone as is 
currently believed. 

(3) The nature of the original iron-mineral is open to question. The writer 
believes that it was magnetite concentrated along the seashore by currents. 
This was altered to siderite by the including limestone and the siderite to 
limonite. 


In the absence of the author this paper was read by Prof. Nelson C. 
Dale. 


TYPES OF PYROCLASTIC ROCKS ON HAWAII 
BY CHESTER K. WENTWORTH 
(Abstract) 


Contrary to prevailing impression there has been a great number of ex- 
plosive eruptions in the history of the Island of Hawaii and the ejected 
materials, though derived essentially from one type of magma, have taken 
on a great variety of forms. Factors producing this diversity include propor- 
tions of lava and gas, temperature and other conditions controlling the 
coarseness of material thrown out, the atmospheric and topographic con- 
ditions influencing the disposition of material around the vent at the time 
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of eruption and finally the climatic and hydrologic factors operating subse- 
quent to deposition. The result is a range in coarseness from impalpable 
ash to ten-ton bombs and blocks, a variation from thin, wide-flung blankets 
of fine ash to steep-sided, symmetrical cinder cones and a range from fresh, 
detrital sideromelane or basic glass to a much altered, ash-derived soil 
scarcely distinguishable from the ordinary products of weathering of lavas. 


MAGNETITE DEPOSIT OF BENSON MINES, SAINT LAWRENCE COUNTY, 
NEW YORK 
BY NELSON C, DALE 
(Abstract) 


From a study of the field relations of the magnetite bearing gneisses at 
Benson Mines, Saint Lawrence County, it is inferred that these gneisses, of 
Grenville age in all probability, at the time of their invasion by the syenitic 
and granitic magmas were profoundly influenced both structurally and litho- 
logically. What structural changes this body of magnetite bearing gneisses 
took on are shown in the assymetrical anticlinal nature of folding. Its magne- 
tite content is thought to be an exomorphic effect produced by the intrusion of 
differentiates in the form of aqueo-igneous solutions from the syenitie peg- 
matization zones, 


FELDSPAR IN) PENNSYLVANIA 
RY R. W. STONE AND H. H. HUGHES 
(Abstract) 


Twenty-five feldspar quarries and prospects in extreme southeastern Penn- 
sylvania recently examined show that microcline is the principal commercial 
spar, orthoclase is less common, but albite is most abundant in the deposits 
near Sylmar. 

The microscope study shows that perthite, an intergrowth of orthoclase or 
microcline with plagioclase, is a common constituent. The most prevalent oc- 
currence is microperthite in which the intergrowth is so minute that its char- 
acter is not recognized except by the aid of a micrescope. In some specimens 
the microperthitic material makes up most of the section and in others it 
appears to occur as injected material filling cracks and weaker portions of 
the predominant mineral. The general consensus of opinion at present seems 
to account for the formation of these perthitic intergrowths by a process of 
replacement and injection during end stage crystallization of the magma. 
Some of the sections show evidences of sucn a process. Three of the thin 
sections seem to show cryptoperthite. The plagioclase of the perthite is 
usually oligoclase. 

There is a marked absence of accessory minerals in microscopic sizes. Bio- 
tite and other detrimental minerals usually occur in quantity segregated in 
definite parts of the dike. Tourmaline is abundant in some quarries, par- 
ticularly on the Fazio land at Embreeville, where crystals several inches 
long have been found. All, however, are black, much shattered and_ re- 
cemented. 
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INTERGROWTHS OF BORNITE AND CHALCOPYLITE 


BY G. M. SCHWARTZ 


(Abstract) 


Intergrowths of bornite and chalcopyrite of the graphic and lattice types have 
been described by several writers although they are not as common as the 
various growths of bornite and chaleocite. Many of the intergrowths were 
considered by the various writers to result from replacement but Schneider- 
hihn, Geijer and Van der Veen have given good evidence that some types 
result from the unmixing of a solid solution. 

Experiments involving the heating of bornite-chalcopyrite specimens were 
designed to determine if the minerals would form a solid solution at elevated 
temperatures and reprecipitate on cooling. Thirteen heating experiments of 
from one to seven days duration have been carried out at temperatures rang- 
ing from 500 degrees centigrade to 650 degrees centigrade. 

It has been shown that intergrowths of blades of chalespyrite in bornite 
are formed apparently by diffusion at temperatures above 500 degrees centi- 
grade. For example, areas apparently pure chalcopyrite in bornite before 
heating show a remarkable lattice intergrowth of the two minerals after 
heating. In the same specimen areas formerly all bornite develop blades of 
chalcopyrite along the cleavage directions. 

An unexpected result of the experiments was the formation of myriads of 
minute crystals on the heated specimens both on the polished and unpolished 
surfaces. Thus far crystals large enough to measure on a goniometer have 
not been produced, but observations with a binocular microscope indicate 
that the crystals are isometric and to all appearances are bornite. Some show 
a great deal of twinning, others are single forms. It seems evident that 
bornite forms by volatilization at temperatures as low as 500 degrees centi- 
grade. A. N. Winchell long ago noted that crystals of bornite formed from 
gases in a furnace at Butte, but no experimental work seems to have been 
done on this problem. The relatively low temperature at which the crystals 
develop is surprising in view of the rather high melting points of most sul- 
phides. Some of the crystal faces seem to show intergrowths of chalcopyrite, 
although, on account of the small size of the crystals it is not possible to be 
certain. Guild has described bornite crystals from a copper furnace which 
showed intergrowths of chalcopyrite, so it seems probable that the observation 
in this case was correct. 

In the experiments to date it has not been possible to secure a certain case 
of a solid solution of bornite and chalcopyrite, the intergrowths seem rather 
to result from diffusion in a solid state. This may be due to the fact that 
the temperatures have not been carried above 650 degrees centigrade. Future 
experiments are planned at higher temperatures to check this point. Inas- 
much as the intergrowths form so readily by diffusion in a solid state, it is 
scarcely to be doubted that similar intergrowths will form from a solid solu- 
tion if one can be obtained. 


Read by title. 
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NATURAL COLORS’ FOR DEMONSTRATING GEOLOGY AND PETROLOGY 


RY JOHN E. WOLFF 


At the conclusion of this program the session was adjourned at ap- 
proximately 6 o’clock. 


Meretrines or Tuurspay EVENING 
PRESIDENTIAL ADDRESS BY ILEINRICH RIES 


The address of the retiring President, Heinrich Ries, entitled “Some 
problems of the non-metallics,” was delivered before the combined 
societies in the Auditorium of the National Museum at 8 o'clock. The 


address is published elsewhere in this number of the Bulletin. 
ANNUAL SMOKER 


At the conclusion of the presidential address the members of the 
Geological Society of America and of the affiliated societies and their 
guests adjourned to the corridors of the Museum to participate in the 
complimentary smoker given by the local members of the Society. There 
was a very large attendance and an excellent opportunity was given for 
renewal of acquaintances and for general social enjoyment. 


SESSION OF FRIDAY Mornine, DeceMBER 27 


The session was called to order at 9 o’clock by President Ries. in the 
theatre of the Wardman Park Hotel. The first portion of the session 
was taken up by additional matters of business, carried over from the 
previous day; and the rest of the session was devoted to scientific papers 
listed on the official program. 


REPORT OF TITE AUDITING COMMITTEE 
To the Geological Society of America: 


The auditors appointed by the Society at its meeting on December 26 
have examined the accounts of the Treasurer as given in the Report of 
the Council and find them correct. The securities listed in that report 
will be checked against the securities in the safe deposit box of the 
Society in Baltimore, and a report of same will be filed with the 
Secretary. 

GeEorGE W. Srose, 
E. W. Berry, 
Auditors. 
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This report was received and accepted, conditioned on receipt of an 
additional section of the report covering the securities. 


REPORT ON SECURITIES OWNED BY TITE GEOLOGICAL SOCIETY 


The following list of securities was verified by Professor Berry, as 
shown by the letter attached hereto: 


Stocks: 
10 shares of the capital stock of the Iowa Apartment House Company, 
Washington, D. C. 
40 shares of the capital stock of the Ontario Apartment House Company, 
Washington, D. 
Bonds : 
2 Texas and Pacific Railway Company First Mortgage 5% bonds. 
2 Fairmont and Clarksburg Traction Company First Mortgage 5% bonds. 
2 Consolidation Coal Company First and Refunding Mortgage 40-year 
5% Sinking gold bonds. 
3 Chicago Railway Company First Mortgage 5% gold bonds. 
2 Southern Bell Telephone and Telegraph Company First Mortgage 5% 
bonds. 
1 Louisville and Nashville Railroad Company 10-year 7% gold note. 
1 Commonwealth Edison Company First Mortgage gold bond. 
2 American Telephone and Telegraph Company 20-year Sinking Fund 
5% gold debenture bonds. 
2 Baltimore and Ohio Railroad Company First Mortgage 5% bonds. 
2 Commonwealth Edison First Coll. Trust 5% bonds. 
2 Central Railways of Baltimore First Mortgage 5% bonds. 
2 Canadian Pacific Railway Company 444% bonds. 
2 Bethlehem Steel Corporation 6% bonds. 
2 Southern Pacific Railway Company 40-year 444% bonds. 
2 Shawinigan Water and Power Company First Mortgage A bonds. 
2 Canadian National Railway 40-year 444% bonds. 
3 Consolidated Gas, Electric Light and Power Company, Baltimore, 
414%4% bonds. 
2 Carolina Power and Light Company 5% bonds. 
Penrose Gift: 
5 City of Philadelphia 4% loan of October 1, 1920. 


Dear Dr. BerKeY: 

I have today checked the securities belonging to the Geological Society 
of America, in accofdance with instructions of the auditors, and find 
the list correct as published in the annual report of the Treasurer, here- 
with submitted. 

Very truly yours, 
Epwarp W. Berry. 


January 3, 1930. 
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REPORTS OF THE COMMITTEES ON INCORPORATION AND ON NEW BY-LAWS 


The Secretary reported for the Committee on Incorporation and also 
for the Committee on New By-Laws that the work of these committees 
had been completed. All steps in the process of formal incorporation 
have been carried through by the Committee on Incorporation and are 
ready for approval by the Society in the present annual session. 

It had not been found practicable to include in the Articles of Incor- 
poration all of the items that normally belong to a constitution and by- 
laws. Therefore a Committee on By-Laws was appointed to draft a 
revised set of by-laws appropriate to the new form of organization. 
These were approved by the Council at its October meeting, and since 
that time have been printed and mailed to the whole membership. 

These instruments, as set forth on pages 63-77, are presented for for- 
mal action by the Society. 
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ARTICLES OF INCORPORATION AND BY-LAWS 


ARTICLES OF INCORPORATION AND BY-LAWS OF THE GEOLOGICAL 
SOCIETY OF AMERICA, INCORPORATED 


CONTENTS 
Page 
Articles of Incorporation : 

the Driversity of New 63 
Approval of the Justice of the Supreme Court..............eecceeee 64 

Certificate of incorporation of the Geological Society of America, Inc., 
pursuant to the Membership Corporations Law.................08. 64 

Resolution of incorporation of the Geological Society of America, 

By-Laws: 

Article II. Membership and election of members..............+-4. 71 
Article IV. Election of officers and terms of office...............-- 74 
Article V. Meetings and order of DUSINESS... 
Article VII. Publications and publication fund..........-..eeeeeeee 76 


ARTICLES OF INCORPORATION 
CONSENT OF THE UNIVERSITY OF NEW YORK 


THE UNIVERSITY OF THE STATE OF NEW YORK 
oF New York, 
County of Albany, ss: 

Pursuant to the provisions of Section 11, Article 2, of the Membership Corpo- 
rations Law, as amended by Chapter 722 of the Laws of 1926, consent is hereby 
given to the filing of the annexed certificate of incorporation of “GEOLOGICAL 
SOCIETY OF AMERICA” as a membership corporation. 

This consent, however, shall in no way be construed as an approval by the 
Education Department, Board of Regents or Commissioner of Education of 
the purposes and objects of this corporation, nor shall it be construed as 
giving the officers and agents of this corporation the right to use the name 
of the Education Department, Board of Regents or Commissioner of Educa- 
tion in its publications and advertising matter. 
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IN WITNESS WHEREOF, I, Frank P. Graves, Commissioner of Education 
of the State of New York, for and on behalf of the State Education Depart- 
ment, do hereunto set my hand and affix the seal of the State Education 
Department, at the city of Albany, this 2nd day of May, 1929. 


[SEAL OF THE UNIVERSITY OF THE STATE OF NEW YORK.] 


(Signed) FRANK P. GRAVES, 
Commissioner of Education. 


APPROVAL OF THE JUSTICE OF THE SUPREME COURT 


New York SUPREME Court, 
New York County, 8s: 


IN THE MATTER OF THE APPLICATION FOR THE INCORPORATION OF THE GEOLOGICAL 
SOCIETY OF AMERICA UNDER THE NAME OF “THE GEOLOGICAL SOCIETY OF 
AmeEriIcA, INC." PURSUANT TO THE MEMBERSHIP CORPORATIONS LAW. 


I hereby approve the within Certificate of Incorporation, pursuant to the 
provisions of Article IT, Section 10 of the Membership Corporations Law of 
the Stute of New York. 

(Signed) Henry L. SHERMAN, 
Justice of Supreme Court of the State of 
New York for the First Judicial District. 
Dated: New York, April 17, 1929. 


CERTIFICATE OF INCORPORATION OF THE GEOLOGICAL SOCIETY 
OF AMERICA, INC., PURSUANT TO THE MEMBERSHIP CORPORA- 
TIONS LAW. 


We, the undersigned, desiring to form a membership corporation, pursuant 
to the Membership Corporations Law, and being all the members of a com- 
mittee duly authorized as required by said law to incorporate the Geological 
Society of America (an existing unincorporated society), do hereby certify 
as follows: 

1. The name of the proposed corporation is: “The Geological Society of 
America, Inc.” 

2. The purpose for which it is to be formed is: “The Promotion of the 
Science of Geology in North America.” 

38. The territory in which the operations of the corporation are to be princi- 
pally conducted is: All of the States, Territories, Colonies and Dependencies of 
the United States of America. 

4. The principal office of the corporation shall be located in the city of, 
county of, and State of New York. 

5. The number of its directors (to be known as “Councilors”) shall be 


seventeen (17). 
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6. The names and post office addresses of the persons constituting the Board 
of Directors (to be known as “Councilors”) ‘until the first annual meeting of 
the Society are: 


Names Post office addresses 

York. 

WILLIAM SHIRLEY BAYLEY.......... 706 South Coler Avenue, Urbana, 
Illinois. 

ULYSSES SHERMAN GRANT.......... .627 Library Place, Evanston, Illinois. 

ERMINE COWLES CASE.........-...002 619 University Avenue, Ann Arbor, 
Michigan. 

ARTHUR LEONARD PARSONS.......... 79 Oriole Road, Toronto, 5, Canada. 

Peren 1076 Cumbermede Road, Palisade, 
New Jersey. 

EpWakD BENNETT MATHEWS......... Lombardy Apartment, 40th and Stony 
Run Lane, Baltimore, Maryland. 

JOSEPH STANLEY-BROWN ..........06 151 Quentin Street, Kew Gardens, 
Long Island, New York. 

Maser BAIN... .38 East 53rd Street, New York, New 
York. 

HENRY BARNARD KUMMEL ..........~ 917 Edgewood, Trenton, New Jersey. 

GEORGE ROGERS MANSFIELD .......... 2067 Park Road, Washington, D. C. 

WILLIAM EmBRY WRATHER.......... 4300 Overhill Drive, Dallas, Texas. 

HERDMAN FIrzGERALD CLELAND...... 2 Lynde Lane, Williamstown, Mass. 

.16 Indian Grove, Toronto, 3, Canada. 

ANDREW COWPER LAWSON..........-. 1515 La Loma Avenue, Berkeley, 
California. 

BAILEY WILLIS ....................0099 Lasuen Street, Stanford Univer- 


sity, California. 


7. All of the subscribers to this certificate are of full age; at least two-thirds 
of them are citizens of the United States; at least one of them is a resident 
of the State of New York; and at least one of the persons named as director 
is a citizen of the United States and a resident of the State of New York. 


IN WITNESS WHEREOF, we have made, signed, acknowledged, and filed 
this certificate in duplicate. 
Dated this 28th day of March, 1929. 


(Signed) Henry FAIRFIELD OsBorRN, 
JOSEPH STANLEY-BROWN, 
CHARLES P. BERKEY, 
HEINRIcH RIEs, 
H. Foster BAIN. 
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Stare oF New York, 
County of New York, 88: 

On this 28th day of March, 1929, before me personally came Chirles P. 
Berkey, H. Foster Bain, Joseph Stanley-Brown and Henry Fairfield Osborn, 
to me known and known to me to be four (4) of the five (5) individuals 
described in and who executed the foregoing instrument and they severally 
acknowledged to me that they executed the same. 

(Signed) JoHN T. BREUNICH, 
Notary Public, Westchester County. 


New York County Clerk’s No. 1134. New York County Register’s No. 0-856. 
Term expires March 30, 1930. 


State or New YorE, 
County of Tompkins, 8s: 

On this 8rd day of April, 1929, before me personally came Heinrich Ries, 
to me known and known to me to be one (1) of the five (5) individuals de- 
scribed in and who executed the foregoing instrument and he acknowledged 
to me that he executed the same. 

(Signed) K. Bavuton, 
Notary Public. 


CERTIFICATE OF CHARLES P. BERKEY 


Strate or New York, 
County of New York, ss: 

CHARLES P. BERKEY, being duly sworn, deposes and says: 

1. That he is one of the subscribers of the Annexed Certificate of Incorpora- 
tion of The Geological Society of America, Inc., an existing unincorporated so- 
ciety, and he hereby certifies: 

2. That he is a citizen of the United States of America and a resident of 
the State of New Jersey. 

3. That The Geological Society of America, an unincorporated society, was 
organized on December 27, 1888, for the following purpose: 

“The Promotion of the Science of Geology in North America.” 

4. That the purposes set forth in the annexed Certificate of Incorporation 
are the same as those of the unincorporated society. 

5. That the subscribers of the annexed Certificate of Incorporation con- 
stitute all the members of a committee authorized to incorporate such society 
by vote as required by the organic law of the society for the amendment of 
such organic law. 

6. That an annual meeting of the members of said society was held at the 
American Museum of Natural History in the Borough of Manhattan, city, 
county, and State of New York, on the 28th day of December, 1928. 

7. That a notice of the time and place of such annual meeting and of the 
intention to submit the question of the proposed incorporation of said society 
and the appointment of a committee authorized to incorporate such society 
to said meeting was submitted in print to all of the members of said society 
more than three months previous to said meeting as required by the organic 
law of said society for the amendment of such organic law which provides as 
follows: 
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ARTICLE V 
VOTING AND ELECTIONS 


1. “All elections shall be by ballot. To elect a Fellow, Correspondent or 
*atron, or impose any special tax, shall require the assent of nine-tenths of all 


Fellows voting.” 
2. “Voting by letter may be allowed.” 


ARTICLE IX 


AMENDMENTS 


1. “This Constitution may be amended at any annual meeting by a three- 
fourths vote of all the Fellows, provided that the proposed amendment shall 
have been submitted in print to all Fellows at least three months previous to 
the meeting.” 

8. That at the said meeting, it was reported by deponent as Secretary of the 
Society that written votes in favor of the incorporation of the society and the 
appointment of such committee, pursuant to said notice, had been received 
from more than three-fourths of the members (known as “Fellows’’), namely, 
from four hundred and thirty-nine (439) members out of the total member- 
ship of five hundred thirty-six (536). 

9. That the said annual meeting thereupon by the unanimous vote of all 
the members of the society present and voting and by the written votes of four 
hundred thirty-nine (439) members hereinabove referred to adopted the fol- 
lowing resolution : 


RESOLUTION OF INCORPORATION OF THE GEOLOGICAL SOCIETY 
OF AMERICA, RECOMMENDED BY THE COUNCIL 


WHEREAS a special Finance Committee was appointed by the President 
to study the financial structure of the Society and recommended that such steps 
as may be necessary should be taken to Incorporate the Society ; and 

WHEREAS the Council pursuant to the provisions of the Constitution of 
the Society submitted in print to all the Fellows under date of September 28, 
1928 (said date being three months previous to the date of this meeting), 
a proposal to incorporate this Society and stated in said proposal that the 
Society would be called upon at the annual meeting to elect a committee of at 
least five to accomplish incorporation, in the event that at least three-quarters 
of all the Fellows voted in favor of the said proposal to Incorporate the 
Society ; and 

WHEREAS votes in favor of the incorporation of the Society have been 
received from more than three-quarters of all the Fellows, namely, from four 
hundred and thirty-nine (439) Fellows out of a total of five hundred and 
thirty-six Fellows; and 

WHEREAS it is deemed advisable by the Council that the Society should 
be incorporated under the provisions of the Membership Corporations Law of 
the State of New York; and 
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WHEREAS it is provided in the said law that any unincorporated associa- 
tion, society, league or club not organized for pecuniary profit may be in- 
corporated under the said law, provided that the subscribers of the Certificate 
.of Incorporation constitute a majority of the members of a committee consist- 
ing of at least five persons, which committee has been authorized to incorporate 
such association, society, league or club by vote as required by the organic 
law of the association, society, league or club, for the amendment of such 
organic law; and 

WHEREAS all the conditions hereinabove set forth contained in the laws 
of the State of New York as conditions precedent to the incorporation of this 
Society have been complied with, it is now on motion duly made and seconded, 
unanimously Resolved, that Charles P. Berkey (Chairman), Heinrich Ries, 
H. Foster Bain, Joseph Stanley-Brown, and Henry Fairfield Osborn, be and 
they hereby are authorized to incorporate The Geological Society of America, 
an existing unincorporated society, not organized for pecuniary profit, pur- 
suant to the provisions of Membership Corporations Law of the State of New 
York, for the purposes for which it was organized, which said purposes are 
purposes for which a corporation may be formed under the Membership 
Corporations Law of the State of New York, and to take any and all such 
steps as may be provided for by law or may be advisable or necessary to com- 
plete the said incorporation, including the execution of the certificate of 
incorporation of the Society and any and all other documents which may 
be necessary or requisite.” 

Sworn to before me this 28th day of March, 1929. 

(Signed) P. BERKEY. 


JouNn T. BREUNICH, 
Notary Public, Westchester County. 
New York County Clerk’s No. 1134. New York County Register’s No. 0-856. 
Term expires March 30, 1950. 


STATE OF NEW YORK, 
County of New York, ss: 


JOSEPH STANLEY-BROWN, being duly sworn, deposes and says: 

1. That he is one of the incorporators of The Geological Society of America, 
Inc., an existing unincorporated society, and he hereby testifies: That he is a 
citizen of the United States of America and a resident of the State of New 
York. 

2. That the purposes set forth in the proposed certificate of incorporation of 
“The Geological Society of America, Inc.,” are the same as those of The Geo- 
logical Society of America, an unincorporated society, organized on December 
27, 1888, and 

3. That the subscribers of the annexed Certificate of Incorporation con- 
stitute all the members of a committee authorized to incorporate such Society, 
by vote as required by the organic law of the Society for the amendment of 
such organic law. 

Sworn to before me this 28th day of March, 1929. 

(Signed) STANLEY-BrowN’. 
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Joun T. BREUNICH, 
Notary Public, Westchester County. 
New York County Clerk’s No, 1134. New York County Register’s No. 0-856. 
Term expires Mareh 30, 1930, 


STATE OF NEW YORK, 
County of New York, ss: 

H. FOSTER BAIN, being duly sworn, deposes and says: 

1. That he is one of the incorporators of The Geological Society of America, 
Inec., an existing unincorporated society, and he hereby testifies: That he is 
a citizen of the United States of America and a resident of the State of 
New York. 

2. That the purposes set forth in the proposed Certificate of Incdrporation 
of “The Geological Society of America, Inc.,” are the same as those of The 
Geological Society of America, an unincorporated society, organized on De- 
cember 27, 1888, and 

3. That the subscribers of the annexed Certificate of Incorporation constitute 
all the members of a committee authorized to incorporate such society, by 
vote as required by the organic law of the Society for the amendment of such 
organic law. 

Sworn to before me this 28th day of March, 1929. 

(Signed) H. Fosrrr Barn. 


JoHN T. BREUNICH, 
Notary Public, Westchester County. 


New York County Clerk’s No. 1134. New York County Register’s No. 0-856. 
Term expires March 30, 1930. 


STATE OF NEW YORK, 
County of New York, ss: 


HENRY FAIRFIELD OSBORN, being duly sworn, deposes and says: 

1. That he is one of the incorporators of The Geological Society of America, 
Ine., an existing unincorporated society, and he hereby testifies: That he is a 
citizen of the United States of America and a resident of the State of New 
York. 

2. That the purposes set forth in the proposed Certificate of Incorporation 
of “The Geological Society of America, Inc.,” are the same as those of The 
Geological Society of America, an unincorporated society, organized on Decem- 
ber 27, 1888, and 

3. That the subscribers of the annexed Certificate of Incorporation consti- 
tute all the members of a committee authorized to incorporate such Society, 
by vote as required by the organie law of the Society for the amendinent 
of such organic law. 


Sworn to before me this 28th day of March, 1929. 


(Signed) HeENry FAIRFIELD OSBORN. 
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JoHN T. BREUNICH, 
Notary Public, Westchester County. 


New York County Clerk’s No, 1134. New York County Register’s No. 0-856, 
Term expires March 30, 1930. 


Strate oF NEw York, 
County of Tompkins, 8s: 


HEINRICH RIES, being duly sworn, deposes and says: 

1. That he is one of the incorporators of The Geological Society of America, 
Inc., an existing unincorporated society, and he hereby testifies: That he is a 
citizen of the United States of America and a resident of the State of New 
York. 

2. That the purposes set forth in the proposed Certificate of Incorporation 
of “The Geological Society of America, Inc.,” are the same as those of The 
xeological Society of America, an unincorporated society, organized on Decem- 
ber 27, 1888, and 

3. That the subscribers of the annexed Certificate of Incorporation con- 
stitute all the members of a committee authorized to incorporate such Society, 
by vote as required by the organic law of the Society for the amendment of 
such organic law. 


(Signed) Hetnriciu Ries. 


Sworn to before me this 3rd day of April, 1929. 
RacuHeEL K. Bouton, 
Notary Public. 


oF NEw York, 
County of New York, 88: 


WILLIAM CAMPBELL ARMSTRONG, being duly sworn, deposes and says 
that he is attorney for Charles P. Berkey, Joseph Stanley-Brown, Henry Fair- 
field Osborn, H. Foster Bain and Heinrich Ries, who have signed the foregoing 
Certificate of Incorporation; that, to the best of his knowledge and belief, 
no previous application for incorporation of “The Geological Society of 
America, Inc.,” has heretofore been made by said incorporators or any of them. 

Sworn to before me this 8th day of April, 1929. 


(Signed) CAMPBELL ARMSTRONG. 


WALTER W. Cox, 
Notary Public, New York County. 


New York County Clerk’s No. 232; New York County Register’s No. 0-86. 
Commission expires March 30, 1930. 
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CERTIFICATE OF CORRECTNESS 


STATE OF NEW YORK, 
Department of State, ss: 


I certify that I have compared the preceding copy with the original Certifi 
cate of Incorporation of 


“The Geological Society of America, Inc.,” 


filed in this department on the 3rd day of May, 1929, and that such copy is a 
correct transcript therefrom and of the whole of such original. 

Witness my hand and the official seal of the Department of State at the City 
of Albany, this third day of May, one thousand nine hundred and twenty-nine. 


(Signed) Frank S. SHays, 
Deputy Secretary of State. 
Approved by the Society December 27, 1929. 


BY-LAWS 


ARTICLE I 
NAME AND SEAL 


1. This Society shall be known as THe GEOLOGICAL Society or AMERICA, IN- 
CORPORATED. 

2. The corporate seal of the Society shall be circular in form and shall 
bear the name of the Society and the year of its incorporation. It may also 
bear any device approved by the Council of the Society. 


ARTICLE II 
MEMBERSHIP AND ELECTION OF MEMBERS 


The Society shall be composed of Fellows, Correspondents, and Patrons. 

1. Fellows shall be persons who are engaged in geological work or in teach- 
ing geology. 

Fellows admitted without election under the provisional Constitution shall 
be designated as Original Fellows on all lists or catalogues of the Society. 

2. Correspondents shall be persons distinguished for their attainments in 
geological science and not resident in North America. 

3. Patrons shall be persons who have bestowed important favors on the 
Society. 

4. Fellows alone shall be entitled to vote or hold office in the Society. 

5. No person shall be accepted as a Fellow unless he pays his initiation fee, 
and the dues for the year, within three months after notification of his elec- 
tion. The initiation fee shall be ten (10) dollars and the annual dues ten (10) 
dollars, the latter payable on or before the annual meeting; but a single pre- 
payment of one hundred fifty (150) dollars shall be accepted as commutation 
for life. A Fellow in good standing, however, who has paid annual dues 
for not less than fifteen (15) years may commute further dues and be- 
come a Life Fellow by making a single payment of one hundred (100) dollars. 
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6. The sums paid in commutation of dues shall be covered into the Publica- 
tion Fund. 

7. An arrearage in payment of annual dues shall deprive a Fellow of the 
privilege of taking part in the management of the Society and of receiving its 
publications. An arrearage continuing over two (2) years shall be construed 
as notification of withdrawal. 

8. Any person eligible under section 3, of this article may be elected Patron 
on the payment of one thousand (1,000) dollars to the Publication Fund of 
the Society. 

9. All elections shall be by ballot. To elect a Fellow, Correspondent or 
Patron, or impose any special tax, shall require the assent of nine-tenths of 
all Fellows voting. 

10. Voting by letter may be allowed, 

11. Nominations for fellowship may be made at any time by two Fellows 
on blanks to be supplied by the Secretary. One of these Fellows must be 
personally acquainted with the nominee and his qualifications for membership. 

12. The form for the nomination of Fellows shall be as follows: 

In accordance with his desire, we respectfully nominate for Fellow of the 
Geological Society of America: 

Full name; degrees, address, occupation, branch of geology now engaged 
in, work already done and publications made. 

(Signed by at least two Fellows.) 

The form when filled is to be transmitted to the Secretary. 

13. The Secretary will bring all nominations before the Council, and the 
Council will signify its approval or disapproval of each. 

14. At least a month before the annual meeting of the Society the Secretary 
shall mail to each Fellow a suitable form of ballot, and return envelopes, 
including a printed list of all approved nominees, accompanied by such infor- 
mation as may be necessary for intelligent voting. 

15. The Fellows receiving the list will signify their approval or disapproval 
of each nominee, and return the lists to the Secretary. 

16, At the next stated meeting of the Council the Secretary will present the 
lists and the Council will canvass the returns. 

17. The Council, by unanimous vote of the members in attendance, may still 
exercise the power of rejection of any nominee whom new information shows 
to be unsuitable for fellowship. 

18. At the next stated meeting of the Society the Council shall declare the 
results, after which notice shall be sent to Fellows elect. 

19. Correspondents and Patrons shall be nominated by the Council, and shall 
be elected in the same manner as Fellows. 


ARTICLE III 
OFFICERS AND THEIR DUTIES 


1. Council. The officers of the Society shall consist of a President, a First 
Vice-President, a Second Vice-President, and one Vice-President to repre- 
sent each of the societies affiliated with this Society, a Secretary, a Treasurer, 
an Editor, six other Councilors, and one Representative for each of the author- 
ized Sections of the Society. 
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These officers, together with the Presidents for the next preceding three 
years, shall constitute the Board of Directors, which shall be called the 
Council. 

2. Duties. The President shall discharge the usual duties of a presiding 
officer at all meetings of the Society and of the Council. He shall take 
cognizance of the acts of the Society and of its officers, and cause the pro- 
visions of the Articles of Incorporation and By-Laws to be carried faithfully 
into effect. He shall countersign, if he approves, all duly authorized accounts 
and orders drawn on the Treasurer for the disbursement of money. 

3. The First Vice-President shall assume the duties of President in case of 
the absence or disability of the latter. The Second Vice-President shall 
assume the duties of President in case of the absence or disability of both the 
President and First Vice-l’resident. A Vice-President or other officer to be 
named by the Council shall assume the duties of President in case of the 
absence or disability of the President and First and Second Vice-Presidents. 

4. The Secretary shall keep the records of the proceedings of the Society, 
and a complete list of the Fellows, with the dates of their election and dis- 
connection with the Society. He shall also be the secretary of the Council. 

The Secretary shall cooperate with the President in attention to the ordi- 
nary affairs of the Society. He shall attend to the preparation, printing and 
mailing of circulars, blanks and notifications of elections and meetings. He 
shall superintend other printing ordered by the Society or by the President, 
and shall have charge of its distribution, under the direction of the Council. 
He shall submit an annual report to the Council, and unless other provision 
be made, shall act as Custodian of all property, except that in the custody of 
the Treasurer. The Society may elect an Assistant Secretary. 

5. The Treasurer shall have the custody of all funds of the Society. He 
shall keep an account of receipts and disbursements in detail, and this shall be 
audited as hereinafter provided. He shall give bond, approved by the Council, 
in the sum of five thousand dollars, for the faithful and honest performance 
of his duties and the safe-keeping of the funds and securities of the Society. 
He may deposit the funds in bank at his discretion, but shall not invest them 
without authority of the Council. His accounts shall be balanced as on the 
thirtieth day of November of each year. He shall submit an annual report 
to the Council of all receipts and disbursements and include therein a list of 
the Society’s investments. 

6. The Editor shall supervise all matters connected with the publication of 
the transactions of the Society under the direction of the Council. 

7. The Council is clothed with executive authority and with the legislative 
powers of the Society in the intervals between its meetings; but no extraordi- 
nary act of the Council shall remain in force beyond the next following stated 
meeting without ratification by the Society. The Council shall have control of 
the publications of the Society, under provisions of the By-Laws and of reso- 
lutions from time to time adopted. It shall receive nominations for Fellows, 
and, on approval, shall submit them to the Society for action. It shall 
have power to fill vacancies ad interim in any of the offices of the 
Society. The minutes of its proceedings shall be subject to call by the Society. 
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It may transact its business by correspondence during the intervals between 
its stated meetings; but affirmative action by a majority of the Council shall 
be necessary in order to make action by correspondence valid. 

At each annual meeting the Council shall submit to the Society a report 
which shall include the report of the Secretary, of the Treasurer, and of such 
other officers or committees, and such other information as the Council may 
direct. There shall also be submitted to the members present for appropriate 
action a resolution providing for the ratification and confirmation of all acts 
of the Council for the preceding year. 


ARTICLE IV 
ELECTIONS OF OFFICERS AND TERMS OF OFFICE 


1. Elections.—The Council shall prepare a list of nominations for the several 
offices, which list will constitute the regular ticket. The ticket must be 
approved by a majority of the entire Council. The nominee for President 
shall not be a member of the Council. The nominee for the Vice-President 
representing an affiliated society shall be from the joint fellowship by vote 
of the affiliated society concerned, subject to confirmation by the Council of 
the Geological Society of America. The nominee for Third Vice-President 
shall be the nominee for the presidency of the Paleontological Society, and the 
nominee for the Fourth Vice-President shall be the nominee for the presidency 
of the Mineralogical Society of America. In the selection of the six other 
Councilors the various sections of North America shall be represented as far 
as practicable. 

2. The list shall be mailed to the Fellows, for their information, at least 
eight months before the Annual Meeting. Any five Fellows may forward to 
the Secretary other nominations for any or all offices. All such nominations 
reaching the Secretary at least 40 days before the Annual Meeting shall be 
printed, together with the names of the nominators, as special tickets. The 
regular and special tickets shall then be mailed to the Fellows at least 25 days 
before the Annual Meeting. 

3. The Fellows will send their ballots to the Secretary in double envelopes, 
the outer envelope bearing the voter's name. At the Annual Meeting of the 
Council, the Secretary will bring the returns of ballots before the Council for 
canvass, and during the Annual Meeting of the Society the Council shall de- 
clare the result. The officers thus elected shall enter on duty at the adjourn- 
ment of the meeting. 

4. In case a majority of all the ballots shall not have been cast for any 
candidate for any office, the Society shall by ballot at such Annual Meeting 
proceed to make an election for such office from the two candidates having the 
highest number of votes. 

Terms of Office. 5. The President and Vice-Presidents shall be elected an- 
nually, and shall not be eligible for re-election until after an interval of three 
years from date of retirement. 

6. The Secretary, Treasurer, and Editor shall be eligible for re-election with- 
out limitation. 
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7. The term of office of the six Councilors shall be three years; and these 
officers shall be so grouped that two shall be elected and two retire each year, 
Councilors retired shall not be re-eligible for election until after the expiration 
of a year. 

8. The term of office of the Representative of a Section of the Society shall 
be three years, and he shall not be eligible for re-election until after the 
expiration of a year. 


ARTICLE V 
MEETINGS AND ORDER OF BUSINESS 


1. The Society shall hold at least one stated meeting a year, in the winter 
season, which shall be the Annual Meeting. The date and place shall be 
fixed by the Council, and announced each year within four months after 
the adjournment of the preceding Annual Meeting. The program of each 
meeting shall be determined by the Council, and announced beforehand, in 
its general features. The details of the daily sessions shall be arranged also 
by the Council. 

2. Special meetings may be called by the Council, and must be called on 
the written request of twenty Fellows. 

3. Meetings of the Council shall be held coincidently with the meetings 
of the Society. Special meetings may be called by the President at such 
times as he may deem necessary. 

4. Quorum.—At meetings of the Society twenty-five Fellows shall constitute 
a quorum. Five shall constitute a quorum of the Council. 

5. The Order of Business at Annual Meetings shall be as follows: 

(1) Call to order by the presiding officer. 

(2) Introductory ceremonies. 

(3) Report of the Council (including report of the officers). 

(4) Appointment of the Auditing Committee. 

(5) Declaration of the vote for officers, and election by the meeting in 
case of failure to elect by the Society through transmitted ballots. 

(6) Declaration of the vote for Fellows. 

(7) Deferred business. 

(8) New business. 

(9) Announcements. 

(10) Necrology. 

(11) Reading of scientific papers. 

6. At an adjourned session the order shall be resumed at ‘the place reached 
on the previous adjournment, but new business will be in order before the 
reading of scientific papers. 

7. At any Special Meeting the order of business shall be numbers (1), (2), 
and (9), followed by the special business for which the meeting was called. 


ARTICLE VI 
FINANCIAL METHODS 


1. No pecuniary obligation shall be contracted without express sanction of 
the Society or the Council, but all ordinary, incidental, and running expenses 
shall have the permanent sanction of the Society, without special action. 
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2. A creditor of the Society must present to the Treasurer a fully itemized 
bill, certified by the official ordering it, and approved by the President. The 
Treasurer shall then pay the amount out of any funds not otherwise appro- 
priated, and the receipted bill shall be held as his voucher. 

3. At each annual meeting, the President shall call on the Society to 
choose two Fellows, not members of the Council, to whom shall be referred 
the books of the Treasurer, duly posted and balanced to the close of November 
thirtieth, as specified in the By-Laws, Article III, clause 5. The Auditors 
shall examine the accounts and vouchers of the Treasurer, and any member or 
members of the Council may be present during the examination. The report 
of the Auditors shall be rendered to the Society before the adjournment of the 
meeting, and the Society shall take appropriate action thereon. 

4. Within thirty days after the Annual Meeting at least one of the Auditors 
shall verify the securities in custody of the Treasurer and report his findings 
to the President, which report shall be published in the Bulletin. 


ARTICLE VII 
PUBLICATIONS AND PUBLICATION FUND 


1. The publications shall be in charge of the Council and under its control. 

2. One copy of each publication shall be sent to each Fellow, Correspondent, 
and Patron, and each author shall receive forty (40) copies of his memoir. 

3. The Publication Fund shall consist of donations made in aid of publica- 
tion, the sums paid in commutation of dues, and such other amounts as may 
be allocated by the Council for this purpose. 

4. Donors to this fund, not Fellows of the Society, in the sum of two hun- 
dred dollars, shall be entitled, without charge, to the publications subsequently 
appearing. 


ARTICLE VIII 


SECTIONS 


1. Any group of Fellows representing a particular branch of geology or 
definite region may, with consent cf the Council, organize as a Section of the 
Society with separate constitution and by-laws, provided that nothing in such 
constitution and by-laws conflicts with the Articles of Incorporation and By- 
Laws of the Geological Society of America, Ine., in spirit, and provided that 
such constitution and by-laws and all amendments thereto have been ap- 
proved by the Council. 

2. Fellows of the Society residing west of the 105th Meridian are author- 
ized to organize as a section of the Society, to be known as the Cordilleran 
Section. The purpose of the Cordilleran Section shall be to serve the con- 
venience of Fellows of the Society in the matter of arranging and holding 
meetings for the discussion of scientific questions in the region of its member- 
ship. It shall operate under the By-Laws of the Society, but may adopt by- 
laws governing its conduct which are not inconsistent with the Articles of 
Incorporation and By-Laws of the Society. It is authorized to nominate a 
representative to the Council of the Society who shall be designated Repre- 
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sentative of the Cordilleran Section. The Representative of the Cordilleran 
Section shall hold office for three years and shall have a vote on all matters 
coming before the Council for decision. 


ARTICLE IX 
AMENDMENTS 


1. Subject to the approval of the proper authority of the State of New 
York, the Articles of Incorporation may be amended by a three-fourths vote 
by ballot of all the Fellows, provided that the proposed amendment shall have 
been submitted in print to all Fellows. 

2. By-Laws may be made or amended by a majority vote by ballot provided 
that printed notice of the proposed amendment or by-law shall have been sent 
to all Fellows: 


Approved by the Council October 26, 1929. 


RESOLUTIONS COVERING INCORPORATION AND REVISION OF BY-LAWS 


The following resolution was offered by Henry B. Kiimmel, seconded 
by Edward B. Mathews, and adopted by uanimous vote of the session: 

Resolved, That the Articles of Incorporation and the By-laws, as printed 
and submitted to the Society under date of October, 1929, be and the same 
are hereby adopted in place of the Constitution and By-laws heretofore in 
force; and that the resolution take effect immediately. 


The following resolution was offered by Henry B. Kiimmel, seconded 
by R. J. Colony, and adopted by unanimous vote of the session: 

Resolved, That the officers and members of the Council heretofore elected 
under the former constitution and by-laws, whose terms have not expired, 
together with those whose election is to be announced at this meeting, be and 
they are hereby constituted the officers and members of the Council of the 
Society under the Articles of Incorporation and new By-laws. 

The following resolution was offered by Henry B. Kiimmel, seconded 
by R. J. Colony, and adopted by unanimous vote of the session: 

Resolved, That the acts of the Council for the year 1929, with respect to 


incorporation of the Society and revision of the Constitution and By-laws, 
are hereby ratified and confirmed. 


REPORT OF THE CONTINUING COMMITTEE ORGANIZED TO PRESENT 
INVITATION TO THE INTERNATIONAL GEOLOGICAL CONGRESS 
BY W. C. MENDENHALL, CHAIRMAN 
Acting on the initiative of the Geological Society of America, rep- 
resentatives of the National Academy of Sciences, the National Research 
Council, the Geological Society of America, the American Association 
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of Petroleum Geologists, the Society of Economic Geologists, the U. S. 
National Museum, the U. 8. Geological Survey, and the U. S. Bureau 
of Mines, met in Washington during the week ending April 27, 1929, to 
consider the question of whether an invitation should be sent by the 
geologists of the United States to the 15th International Geological 
Congress in South Africa to hold a future meeting of the International 
Geological Congress in the United States. Prior to this meeting the 
Geological Society of America, the National Research Council, and the 
American Association of Petroleum Geologists had adopted resolutions 
in favor of the extension of the invitation. The sentiment expressed at 
the April meeting was likewise in favor of the extension of an invitation, 
although not all of those participating were then authorized to speak 
officially for the organizations that they represented. It was felt that 
before any formal affirmative action could appropriately be taken, there 
should be more general expression of approval and assurance of support 
on the part of the geologists of the United States than had then been 
indicated. 

In order to carry the matter forward in an orderly way, those present 
at the April meeting, acting as a continuing committee, named a sub- 
committee to communicate with organizations in the United States that 
included considerable numbers of geologists and which at that time had 
not officially indicated whether they approved of the plan to extend the 
invitation, in order to ascertain their attitude. In accordance with these 
instructions, communications were sent to a number of groups, and by 
June 1 formal expressions in favor of the extension of an invitation had 
been received from the Association of State Geologists, the Carnegie 
Institution of Washington, the Smithsonian Institution, the American 
Museum of Natural History, the Field Museum of Natural History, 
and the U. 8. Geological Survey. It was felt that this action support 
ing the action already taken by the Geological Society of America, the 
American Association of Petroleum Geologists, and the National Re- 
search Council practically constituted a mandate from the geologists of 
the United States to extend the invitation. 

Accordingly, a letter was dispatched on June 1 to the Secretary of 
State, inquiring whether the Department of State would regard it as 
appropriate to transmit the invitation through the usual diplomatic 
channels to the 15th International Geological Congress at Pretoria. 

On June 6, the Department of State, through Assistant Secretary 
Castle, replied that the invitation had been transmitted, and on Novem- 
ber 6, in an additional communication, Secretary Castle inclosed a dis- 
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patch from the American Chargé d’Affaires at London stating that the 
invitation had been placed before the Council of the Congress and 
accepted, and that this acceptance was confirmed by the general meet- 
ing of the Congress on August 5. 

It is now incumbent upon the geologists of this country to create a 
committee on organization to undertake the very serious task of pre- 
paring for and entertaining the next Congress to meet in the United 
States in 1932 or 1933. Many and complex problems confront such a 
committee. Plans for raising funds, preparing programs, arranging 
excursions, writing and publishing guidebooks, selecting places of meet- 
ing, and publication of proceedings must all be carefully worked out. 

The following geenral definition of the functions of the committee on 
organization is contained in paragraph 7 of the Rules of the Inter- 
national Geological Congress, adopted at Brussels in 1922. 


7. A committee on organization is elected by the country in which the next 
session is to be held, as soon as that country has been advised of the accept- 
ance of its invitation. 

The post office address of this committee is made known without delay to 
the members of the Council of the session which has just come to an end. 

All communications concerning the next succeeding session should be ad- 
dressed to the committee which has charge of the organization of that ses- 
sion, its program, its excursions, and its publications, 

That committee invites foreign governments, academies, geological surveys, 
and societies and universities. 

It receives reports made in the intervals between the sessions, by the 
standing committees. 


This committee should be created as early as possible, since, until it 
is created, no liaison exists between the last Congress and the next. It 
is a highly important body, since it will be entirely responsible for every- 
thing that is done until the 16h Congress actually convenes. To initiate 
its creation so that it may begin to function, the subcommittee of the 
continuing committee appointed last April by the representatives of 
the National Academy of Sciences, the National Research Council, the 
Geological Society of America, the American Association of Petroleum 
Geologists, the, Society of Economic Geologists, the U. S. National Mu- 
seum, the U. S. Geological Survey, and the U. S. Bureau of Mines, 
suggests that those named below be nominated as a nucleus of the final 
committee on organization with full power to complete the committee 
by the addition of other members as they see fit: H. F. Bain, A. M. 
Bateman, C. P. Berkey, Isaiah Bowman, R. A. Daly, A. L. Day, A. C. 
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Lawson, C. K. Leith, H. B. Kiimmel, W. Lindgren, George Otis Smith, 
W. E. Wrather. 

The nominations made as the nucleus of an organization committee 
have been formally approved by the American Association of Petroleum 
Geologists, the Association of American State Geologists, the American 
Museum of Natural History, the Carnegie Institution of Washington, 
the U. S. Bureau of Mines, and the U. 8S. Geological Survey. Because 
there has not thus far been opportunity to bring executive bodies 
together to act upon the nominations, there has not been formal approval 
by the Society of Economic Geologists, by the Division of Geology and 
Geography of the National Research Council, nor by the National 
Academy of Sciences. However, Mr. M. R. Campbell, President of the 
Society of Economic Geologists, Dr. H. Foster Bain, Secretary of the 
American Institute of Mining and Metallurgical Engineers, Dr. David 
White, Home Secretary of the National Academy of Sciences, and Mr. 
Arthur Keith, Chairman of the Division of Geology and Geography of 
the National Research Council, have individually indicated approval of 
the nominations. If to the formal and informal approval thus far 
expressed the Geological Society of America will also add its approval 
of the list of nominees, it is believed that the approval of the nuclear 
committee will have been expressed by so overwhelming a proportion of 
geologic opinion in North America that that committee should be con- 
strued as named and authorized to assume the functions that belong to it. 

RESOLUTION CONCERNING THE NUCLEAR COMMITTEE 

Mr. Mendenhall then moved that the Geological Society of America 
approve the list of names as presented for the nuclear committee. This 
motion was seconded and carried. 

The chairman of the continuing committee called attention to the 
fact that the functions for which this committee had been created had 
all been performed, and that henceforth all responsibility for action in 
relation to the 16th International Geological Congress develop on the 
committee on organization to be finally created by expansion of the 
nuclear committee. 

TITLES AND ABSTRACTS OF PAPERS 
STUDIES IN THE NEW YORK SILURIC (2) 
BY GEORGE HALCOTT CHADWICK 
(Abstract) 


Burnett Smith’s report (New York State Museum Bulletin 281:25) on the 
Manlius group of the Syracuse region opens the way for further clarification 
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of the upper Siluric and lower Devonic rocks of central New York. Smith 
recognizes, in descending order below the Oriskany erosion, the following: 

Bishop Brook limestone of Helderbergian age. 

Unconformity 

Pools Brook limestone 

Jamesville limestone 7 

Clark Reservation bed Manlius 

Elmwood waterlime beds group. 

Olney limestone | 

Unconformity 

Next below these comes a succession in which I am still more interested 
and which I have seen in the field under Smith’s guidance. 

These are: 

Chrysler waterlime (‘“Rondout” of Syracuse region). 

Akron dolomite (“Cobleskill” of this region). 

Williamsville platy waterlime (‘Bertie’). 

Lyndon (or upper) gypsum bed ) 
Fiddler’s Green dolomite § 
Camillus gypseous shales and limestones. 

The use of local names for all but the Akron and Williamsville, which are 
unmistakable and have been traced from their type localities at the west 
without notable lithic change, is justified by the divergent views on corre- 
lation. Chrysler and Lyndon are terms long informally in use by us, but I 
think not till now officially introduced. The first is from Chrysler’s Glen 
and the second from the old quarries at Lyndon, localities made typical by 
T. C. Hopkins’s bulletin on the Syracuse quadrangle. The Chrysler is as- 
signed by me to the top of the Bertie (Tonoloway) group, whose full suc- 
cession in New York thus becomes: 

Chrysler “waterlimes.” 

Akron dolomite. 

Williamsville waterlime (cement bed). 
Seajaquada shaly beds. 

Falkirk dolomite. 

Oatka shaly waterlimes. 

Below which is the Camillus formation. 

Thus the Falkirk corresponds in position with the Fiddler's Green; more- 
over, the massive bed taken for the latter by Hopkins at the mouth of 
Chrysler’s Glen is lithologically indistinguishable from the Falkirk. If the 
covered space above it is actually occupied by the Lyndon gypsum, then these 
two beds may belong to the Bertie group and search should be made for the 
Oatka beneath them. The alternative is an unconformity. 

In the Manlius group, the Jamesville (and Pools Brook, which seems also 
to belong to the group as understood by Vanuxem) is the portion that alone 
resembles the “Manlius” of the Hudson Valley, below which in that region 
lie the true Rondout and Cobleskill. This would find the Rondout equivalent 
in the Elmwood waterlimes of Manlius rather than in the Chrysler. It is 
possible that the entire succession in eastern New York—Binnewater, Wilbur, 


Camillus, fide Hopkins. 
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Rosendale, Cobleskill, Rondout and “Manlius’—all belongs to the Manlius 
group (Keyser) rather than any of it to the Bertie (Tonoloway) or Salina. 

The Bishop Brook limestone, as I saw it in the field with A. E. Brainerd, 
appears to be essentially the topmost Becraft or Alsen, high in the Helder- 
bergian, thus emphasizing the overlap nature of the unconformity seen in 
eastern New York between the Manlius and Coeymans limestones, first pointed 
out by the writer. 


Brief remarks were made by Prof. Alfred C. Lane. 


NEW YORK PRECAMBRIAN NAMES 
BY GEORGE HALCOTT CHADWICK 


(Abstract) 


It is pretty generally agreed that, at about the middle of the Precambrian, 
three igneous masses invaded the Adirondack area. These were (1) the 
anorthosyte,? (2) the “syenyte” and allied granits! and (3) the “basic gab- 
bros.” Local expressions of these have cognomens, but there is need for a 
general term for each. It is here proposed to call them respectively by names 
long unofficially in use by some of us, respectively (1) the Adirondack anor- 
thosyte, (2) the Ausable “syenyte” (or nordmarkyte) series, and (3) the 
Elizabethtown gabbros. 

The names Mt. Marcy, Whiteface and Split Rock apply only to local dif- 
ferentiation and assimilation phases of the anorthosyte, of which the Marcy 
type is most widespread and typical; and while the term “Adirondack 
gneisses” has sometimes been loosely employed without definition for the 
Precambrian rocks of northern New York as a whole, it lacks currency today 
and can have no claim against the appropriate application of the name 
Adirondack to the anorthosyte mass that constitutes all the high central 
peaks of the true Adirondack mountains. A cataclastic phase of this rock 
from south of Ausable Forks, New York, has gone on the market as “Adiron- 
dack granite.” 

The nordmarkyte series is very widely distributed peripherally to the 
anorthosyte and has a host of loca) designations, none intended to be other 
than local by its sponsors. Its variety of composition and color along the 
Ausable River, including the characteristic olive ‘“augite-syenyte” (quartz- 
nordmarkyte), and numerous quarries especially around Ausable Forks, 
New York, suggests the appropriateness of official sanction for the long current 
trade name, Ausable, as a group and time name for the whole series in north- 
ern New York, embrasive of all the local facies-names. 

It has been more difficult to find an unpreempted term for the small gabbro 
stocks, dikes and laccoliths that mark the close of this igneous cycle. Their 
greater abundance on the northeast, as around Elizabethtown, New York, is re- 
sponsible for the choice of that name for them as a whole, to comprise the 
names of individual masses. 


Read by title. 


1The “-yte” and “granit’ spellings here used were proposed many years ago by 
J. D. Dana and deserve adoption for the reasons he gave. 


ARE 
it 
d 
il 
si 
Dp 
al 
fs 
fi 
a 
r 
t| 


TITLES AND ABSTRACTS OF PAPERS 83 


DUNES OF LAKE MICHIGAN 
BY IRVING D. SCOTT 
(Abstract) 


Dunes occur on the southern, eastern, and northern shoresof Eake Michigan 
in localities where deposition has been the preponderant shore process. The 
dunes are all of the ridge type which have been deformed to parabaloid forms 
to a large extent. The winds causing this deformation are universally on- 
shore. The deformed dune ridges may be referred to definite stages of the 
Pleistocene predecessors of the present lake. Dune formation increased with 
increased size of the lake and completion of shore adjustments. The greatest 
dunes have been formed since Algonquin and probably during the Nipissing 
stage. Dunes referrable to the present stage are of minor importance. It is 
further concluded that foredunes are formed during low water stages and 
receding lake levels; that great dune ridges are formed during high or con- 
sistent, fluctuating lake levels, aggradation occurring during periods of shore 
progression during low water and deformation following shore retrogression 
aut high water stages (1929). 

Brief remarks were made by Messrs. W. H. Hobbs and G. C. Branner, 
with reply by the author. 


STRESS CONDITIONS WITHIN THE LITHOSPHERE AS 
EARTHQUAKES 


REVEALED BY 


BY WILLIAM HERBERT HOBBS 
(Abstract) 


Geologists appear to hold firmly to the notion that normal or “gravity” 
faults must of necessity imply an origin in tensional stress conditions when 
they are formed, a view based on theoretical considerations rather than on 
field observations. Geological phenomena at the time of great earthquakes 
indicate clearly, however, that such faults come into existence simultaneously 
with the reduction of the superficial area of the district within which they 
are found, and a compressional rather than a tensional stress condition is 
therefore indicated. The observational verification of this conclusion is de- 
rived in part from the behavior of rails, pipes, bridges, ete.; continuous lines 
which cross the district rather than isolated objects within it. ‘Theoretically 
the above conclusion involves a seeming paradox, though one which is ex- 
plained in the earthquake phenomena when considered with reference to the 
lithosphere as a whole. 

Brief remarks were made by Messrs. G. H. Chadwick and Heinrich 
Ries. 

FUNDIAN FAULT VERSUS FUNDIAN GLACIERS 
BY F. P. SHEPARD 


(Abstract) 


I). W. Johnson has ¢alled attention to some submarine escarpments along 
the coast of Maine and New Brunswick. To the most pronounced of these 
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he has given the name “Fundian Fault” and has given reasons for believing h 
that the feature is a fault-line scarp. The possibility of renewed activity u 
along the fault has been suggested in connection with the New England earth- n 
quakes. a 


After a study of the charts along this coast, the present writer developed 
the idea that lateral planation by glaciers might have had some influence in 
the production of the scarps. The idea was tested by a field examination of 
portions of the coast and by the taking of new soundings in critical places. ( 
Also examination of the original surveys and of some recent sonic sounding 
charts was found to give considerable light on the subject. 

All the information gathered suggests that the escarpments were cut along 
the sides of valley glaciers which extended down the Bay of Fundy, out of 
Passamaquoddy Bay, and out of Machias Bay. The evidence consists of the 
presence of submarine troughs which are typical of those generally attributed 
to glaciers in other regions; of hanging valleys along the sides of the troughs; 
of deep basin depressions; and of an amazing amount of rock bottom along I 
the base of the escarpments. Furthermore evidence pointing to glacial dis- d 
persion down the Bay of Fundy was discovered from a number of previous 
reports particularly from the work of Goldthwait on Nova Scotia. 

Examination of the exposed portions of the scarp along the Maine coast 
failed to reveal any suggestion of faulting. The only faults which have been 
described along the New Brunswick coast have decidedly curving trends and 
do not appear to show much relation to the relatively straight sides of 
the Bay of Fundy. Other faults are said to exist along the New Brunswick 
coast. 


Brief remarks were made by Messrs. A. O. Hayes, W. H. Hobbs, r 
A. C. Lawson, and I. B. Crosby, with reply by the author. 


FURTHER WORK ON THE PROFILES OF WEATHERING OF THE GLACIAL 
DRIFT SHEETS OF ILLINOIS AND THEIR APPLICATION TO THE 
STUDY OF THE UNDERCLAYS OF COAL 


BY MORRIS M. LEIGHTON, PAUL MACCLINTOCK, AND HAROLD R. WANLESS 


(Abstract) 


Further studies of the profiles of weathering on the glacial drift sheets of 
Illinois confirm the previous work, and extension of the work to include pro- 
files of weathering on glacial gravel and loess under poorly-drained conditions 
indicates that these materials will produce gumbogravel and gumboloess of 
quite different character from the original materials. Indeed, in the case of 
gumbogravel it resembles considerably gumbotil, the colloids being retained 
and giving a plastic consistency, but pebble lines of the more resistant pebbles 
in the gumbogravel and gradation down into unmistakable gravel indicates 
that the original material was gravel. 

Considerable attention has been given by Dr. H. R. Wanless to profiles of : 
weathering on the underclays of Pennsylvanian coal beds in western Illinois. 
These show profiles very similar in character and nvimber of sub-divisions to 
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the poorly-drained profiles of weathering on the older drift sheets, and the 
hypothesis seems plausible that the underclays were formed by weathering 
under poorly-drained conditions (but not bog conditions) before the sub- 
mergence by bog-water took place. Chemical, petrographic, and X-ray studies 
are contemplated, but have not as yet been made. 


Presented by Mr. MacClintock. 
Brief remarks were made by Messrs. G. C. Branner, G. H. Chadwick, 


(i. E. Condra, M. M. Leighton, and W. H. Bucher. 


WHITE CLAYS OR UPLAND-FLAT SOILS OF SOUTHERN OHIO 
BY LEWIS G. WESTGATE 
(Abstract) 


Certain surface clays of southern Ohio, best shown over the surface of the 
Illinoian drift but found beyond its borders, were explained by Orton as 
due to the agency of burrowing animals and by Leverett as the deposits of 
sluggish waters (fluvio-lacustrine deposits) similar to certain loess-like silts 
of the Upper Mississippi valley. 

It is shown that the white clays, which are usually less than two feet in 
thickness, grade down into the under'ying mantle rock, whether that is Ili- 
noian or Wisconsin till or residual material from the decay of either lime- 
stone or sandstone; contain no fragments that cannot be found in the under- 
lying mantle rock; occur on upland flats at all elevations up to the tops 
of the highest cuesta flats and knob outliers of the region; and that they 
have been produced by the surface weathering of any kind of clayey mantle 
rock octurring on level tracts of poor drainage. 


Read before the Mineralogical Society. 


PETROGRAPHY OF THE WEATHERED ZONES OF GLACIAL DEPOSITS 
BY VICTOR T. ALLEN? 
(Abstract) 


This paper presents the results of a petrographic study of the weathered 
zones of glacial deposits, which was carried on under the auspices of the 
State Geological Survey of Illinois in connection with the studies of Leighton 
and MacClintock on the profiles of weathering. In the upper part of the 
profile clay minerals are formed at the expense of the feldspars and the 
ferromagnesian minerals and these belong to the isomorphous series recog- 
nized by Larsen and others with beidellite Al,0,.3Si0,nH,O and nontronite 
Fe,0;.3Si0,.nH,O as end members. The optical properties and the chemical 
analyses of carefully prepared samples of gumbotil from Fairfield, Iowa and 
Salem, Illinois are similar to those of beidellite from the type locality, Beidell, 


1 Introduced by Morris M. Leighton. 
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Colorado. Under better drainage conditions beidellite-nontronite is moved 
downward into Leighton and MacClintock’s Horizon 3, probably as colloid 
solutions which are deposited in cracks and cavities. The cleavage plates 
are orientated parallel to the sides of the deposits and the optical proper- 
ties suggest that the composition of the different layers varies between that 
of nearly pure beidellite and that in which the proportion of Al,O, to Fe.O, 
is about 1:1 molecularly. The heavy mineral assemblages of Kansan, IIli- 
noian and Wisconsin drift that were examined do not differ notably, but the 
percentage of heavy minerals decreases towards the top of the profile. 


Read before the Mineralogical Society. 


FESTOON CROSS-LAMINATION 


BY S. H. KNIGHT? 
(Abstract) 


The Casper and Tensleep sandstones of Wyoming are characterized, over 
several thousand square miles and throughout their full thickness, by a type 
of cross-lamination which has been described as festoon cross-lamination. 

A detailed study of variously oriented vertical and adjacent horizontal 
rock faces shows this type of cross-lamination to be the result of: (1) the 
erosion of plunging troughs, having the shape of a quadrant of an elongate 
ellipsoid; (2) the filling of the troughs by sets of thin lamin conforming 
in general to the shape of the trough floors; (8) the partial destruction of 
the filling laminz by subsequent erosion, producing younger troughs. The 
plunging troughs are symmetrical transverse to their elongate axial planes. 
They vary in depth from one foot to one hundred feet; in width, from ten 
to one thousand feet; and in length from fifty to several thousand feet. The 
axes of the troughs plunge to the southwest varying through 120 degrees 
of are lying between north eighty degrees west and south twenty degrees east. 
The average maximum angle of the slope of the sides of the troughs is between 
ten and fifteen degrees. The angle of plunge of the axis of each trough de- 
creases rapidly away from the closed end of the trough and the axis becomes 
a horizontal line which is cut off by a younger erosion trough. The superpo- 
sition, one upon another, of a series of cut-off troughs gives, on a horizontal 
rock face, a characteristic overlapping or shingle pattern. 

Although the mechanics of the process by which the troughs were eroded 
and filled is not thoroughly understood, it is concluded that the same force, 
operating through varying degrees of intensity, eroded and filled the troughs. 
The force is believed to have been oscillating currents in comparatively 
shallow water. 

Sandstones characterized by this type of cross-lamination are locally in- 
tensely crumpled due to slipping of steeply inclined sets of laminze while 
deposition was still in progress. 


Read by title in the absence of the author. 


1 Introduced by Charles P. Berkey. 
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EOCENE LAVAS IN WESTERN WASHINGTON 
BY CHARLES E. WEAVER 
(Abstract) 


Basaltic and andesitic lavas of Eocene age are widely distributed through- 
out western Washington attaining a maximum thickness of 1,500 feet. They 
lie beneath the Cowlitz, or marine Upper Eocene formation, and consist of 
a series of individual flows together with associated tuffs and agglomerates, 
some of which contain marine Eocene fossils. Resting upon the lavas are 
several thousand feet of marine Oligocene and Miocene sediments, all of 
which have been folded and in places so deeply eroded as to expose the lavas. 
As a result 40 per cent of the areal rock exposures in the western part of 
the State are basic lavas. 

Field studies indicate that if the thick series of marine Tertiary formations 
and the Pleistocene mantle of glacial drift could be removed, the surface 
rocks of western Washington, including a part of the Olympic mountains, 
would consist of basic Eocene lavas and tuffs which originally accumulated 
partly upon land and partly upon the floor of a Middle Eocene embayment. 


Brief remarks were made by Prof. A. O. Hayes, with reply by the 
author. 


CORRELATION OF THE JURASSIC FORMATIONS OF SOUTHERN UTAH, 
NORTHERN ARIZONA, NORTHWESTERN NEW MEXICO, AND SOUTH- 
WESTERN COLORADO 


BY A. A. BAKER, C. H. DANE, AND J. B. REESIDE, JR. 
(Abstract) 


Detailed mapping by U. S. Geological Survey parties in southeastern Utah 
and reconnaissance stratigraphic studies in adjacent parts of Arizona, New 
Mexico, and Colorado have afforded many new data bearing on the forma- 
tions assigned to the Jurassic and have permitted a new interpretation of 
their distributions and their interrelations. Some of the items are as fol- 
lows: The Wingate sandstone and the Todilto (?) formation constitute great 
lenses whose boundaries can be sketched in part, particularly toward the west 
in northern Arizona and toward the east in western Colorado. The Navajo 
sandstone is a wedge thickening toward the west from an arcuate eastern 
margin situated in western Colorado and eastern Arizona; apparently it does 
not enter New Mexico. The San Rafael group is sharply limited on the south, 
extending only a short distance into northern Arizona and New Mexico, but 
far eastward into Colorado, where the Entrada sandstone forms the lower 
part of the La Plata sandstone of the San Juan Mountains. The thin-bedded 
sandstone unit lying between the massive Wingate and Navajo sandstones 
and hitherto called the Todilto (?) formation is older than the Todilto lime- 
stone of northwestern New Mexico, which is here interpreted as the base 
of the Morrison formation and as equivalent to the limestone and soft sand- 
stone in the midst of the La Plata sandstone. The upper part of the La Plata 
is a sandstone in the Morrison formation. 


Presented by Mr. Baker. 
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UNCONFORMITY AT BASE OF MEDINA SANDSTONE IN SOUTHEASTERN 
PENNSYLVANIA 


BY GEORGE W. STOSE 
(Abstract) 


The Martinsburg shale, which underlies the Medina across the State of 
Pennsylvania, consists of a lower member composed chiefly of shale, locally 
metamorphosed to slate in the eastern part of the area, and an upper mein- 
ber composed largely of arkosic sandstone; the lower member contains fossils 
of Eden and Trenton age; the upper sandy member contains fossils of 
Pulaski age. The formation was folded and subjected to erosion before the 
Medina was laid down, the folding and erosion being greatest in the east, 
diminishing southwestward, and dying out near the Maryland line. A map 
will be presented showing that throughout much of the belt across the State 
the Medina rests on the lower member of the Martinsburg. This is clearly 
proven by fossils in the shale at the Medina contact at Susquehanna Gap, 
Swatara Gap, and near Eckville five miles northeast of Schuylkill Gap. 

At Swatara Gap the Medina conglomerate rests on shale containing a 
prolific Cryptolithus (Trinucleus) bellulus fauna of middle Eden age, and 
not two miles to the south a syncline incloses the upper sandy beds of the 
Martinsburg capped by Medina. Fossils have thus far not been found in 
the slate and shale beneath the Medina at Lehigh Gap and eastward, but 
reconnaissance indicates that they are probably the lower member of the 
formation. 

The Juniata formation is represented in the sections as far east as Susque- 
hanna River. Like the Tuscarora the Juniata overlaps members of the Mar- 
tinsburg shale, and it appears to merge upward into the Tuscarora. It is 
clearly the basal, arkosic, red, conglomeratic facies of the Medina—that is, 
the red Medina—and the Tuscarora is the white Medina. 


Brief remarks were made by Messrs. B. L. Miller and John L. Tilton, 
with reply by the author. 


MECHANICS OF FROST HEAVING 


BY STEPHEN TABER 
(Abstract) 


The old theory that frost heaving and all other pressure effects accompany- 
ing freezing are due to change in volume was based on experiments in which 
water was frozen in closed systems. Field observations and recent experi- 
ments indicate that soils when subjected to freezing under normal conditions 
usually hehave as open systems. When the freezing of saturated soils re- 
sults in little or no heaving part of the water is forced through the soil 
voids below the zone of freezing compressing or expelling air. Excessive 
heaving results when water is pulled through the soil to build up layers of 
segregated ice. These ice layers grow in thickness because water molecules 
are pulled into the thin film that separates the growing ice crystals from 
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underlying soil particles. Since heavy surface loads may be heaved and 
much force is required to pull water through impervious clay, the water is 
put under high tension. 

Heaving is limited by the tensile stress that may be developed in the water 
and by the downward growth of ice crystals in soil voids. These two fac- 
tors also probably explain the rhythmic banding due to alternating layers of 
ice and clay. During the growth of an ice layer the voids in the adjacent 
underlying clay tend to fill gradually with ice, thus increasing the force 
necessary to supply wafer to the ice layer. The upward flow is finally 
stopped by the formation of a gas phase close to the ice layer, and then a 
new layer of ice immediately begins to develop near the bottom of the zone 
of frost penetration. More water freezes between the ice layers as the tem- 
perature gradually becomes lower. 

In well-consolidated clays the surface uplift equals the total thickness 
of the ice layers, the water content of the clay between the ice layers remain- 
ing approximately constant, but heaving is continuous and regular instead 
of intermittent. The clay is soft near the lowest ice layer because much of 
the water is unfrozen, the hardness increasing higher up where the tempera- 
ture is lower and freezing has gone on for a longer time. Additional evidence 
has been obtained by freezing in open systems other liquids than water. 


Read by title in the absence of the author. 


STEPPE DISTRICT OF SOUTHWESTERN GREENLAND 
BY WILLIAM H. HOBBS 
(Abstract) 


The hinterland of the Holstensborg District of southwest Greenland, having 
an area of about 5,000 square miles, possesses the climatic condition of a steppe 
and has, as shown by records for two years, an annual precipitation of between 
five and six inches. It is surrounded by climatic areas which have strongly 
contrasted characters. The rocks within the Holstensborg district exhibit the 
characteristic forms of rocks from well known arid regions. 


FREE SULFUR IN RECENT SEDIMENTS! 
BY PARKER D. TRASK AND C. C. WU 


(Abstract) 


While analyzing the organic content of modern sediments we have found 
free sulfur in all sediments we have analyzed in detail, namely, a limestone- 
forming sediment from Florida Bay, a greenish-gray mud from 580 meters 
of water in the Channel Islands region of California, a gray mud from 


1This abstract contains preliminary results of an investigation on the “Origin and 
Environment of Source Sediments,” listed as Project 4 of American Petroleum Institute 
Research. Financial assistance in this work has been received from a research fund of 
the American Petroleum Institute donated by Mr. John D. Rockefeller. This fund is 
being administered by the Institute with the cooperation of the Central Petroleum Com- 
mittee of the National Research Council. The work was done in the Chemical Laboratory 
of Stanford University. Manuscript received by editor November 25, 1929. 
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Pamlico Sound, and a future rich oil shale forming in an algal lake in north 
ern Florida. These deposits, when dried at less than 60 degrees Centigrade, 
ground, and extracted with carbontetrachloride until extract was colorless, 
were found to contain from 22 to 104 parts per 100,000 of free sulfur (.02 to .10 
percent). The sulphur was recovered directly from the CCl, extract by repeated 
crystallizations from benzene and chloroform, and must have been present 
in the dried sediments as free sulfur. Although perhaps some sulfur may 
have been formed by oxidation of sulfur compounds during the process of 
drying, free sulfur, nevertheless, is to be considered as occurring in significant 
amounts in the sediments as they accumulated beneath the water. Since 
these samples represent widely different types of deposits, it seems likely 
that free sulfur is a common minor constituent of recent deposits. 


Presented by Doctor Trask. 


PROBABLE EXTENT OF ABYSSAL ASSIMILATION 
BY FRANK F. GROUT 
(Abstract) 


The lower parts of the Duluth gabbro lopolith reached depths that are 
properly classed as abyssal, and those parts now exposed show an abundance 
of xenoliths. Detailed mapping indicates about 15 per cent of the lower part 
of the mass consists of xenoliths; they have now the minerals and approxi- 
mate composition of a gabbro, as is true of the contact rock below the gabbro, 
though both included some clays originally. Two-thirds of the material is in 
large blocks, though the small blocks are very numerous. The composition of 
the gabbro is not appreciably changed near the xenoliths even where schlieren 
show some assimilation. 

The history inferred is that stoped blocks settled so fast and so far and 
dissolved so little that the gabbro was very slightly changed. Contact action 
may have involved some changes in the gabbro but nothing very significant. 
The application of such results to the deeper batholiths is suggested. 


Read by title. 


DELTAIC COASTAL PLAIN OF SOUTHEASTERN TEXAS 


BY DONALD C. BARTON 
(Abstract) 


The coastal prairie region of southeast Texas is a deltaic coastal plain. 
Two palmate series of irregularly branching, broad, low sandy ridges represent 
respectively in Harris, Fort Bend, and Brazoria Counties the delta of an 
ancient Brazos River, and in Fort Bend, Chambers, and Liberty Counties the 
delta of an ancient Trinity River. These ancient deltas have exercised a con- 
trolling influence over the physiography of the coastal prairie region of 
southeast Texas. The ridges representing the old natural levee systems are a 
major topographic feature of the coastal prairies. The smaller streams of the 
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coastal prairies largely are inter-distributary streams between the dis- 
tributaries of the deltas and the position of the larger streams has been 
affected by them. Galveston Bay is an inter-delta bay between the ancient 
deltas of the Trinity and Brazos rivers. 

A deltaic coastal plain is characterized by through major streams essentially 
without tributaries and by a branching dendritic net of local streams, largely 
originally inter-distributary in position. A normal marine coastal plain in 
contrast should have extended (through) streams with as many or more 
tributaries and as large or larger drainage basins than the local streams. 
The shoreline of a deltaic coastal plain may simulate closely a shoreline of de- 
pression. But .nalysis of erosion of low-lying coastal plains shows that 
funnel-shaped bays like Galveston Bay extending back into a very youthful 
plain can not have been formed by drowning of erosion valleys. 

The drainage pattern of the area of the outcrop of the Lissie formation 
suggests the presence of a yet older Plio-Pleistocene deltaic plain. 


Read by title. 


At approximately 12:45 p. m., the session adjourned for luncheon. 


SESSION OF FRIDAY AFTERNOON 


The afternoon session was opened at 2 o’clock, in the theatre, with 
Vice-President U. 8. Grant in the chair. 


TITLES AND ABSTRACTS OF PAPERS 
CORRELATION OF GLACIAL EPOCHS IN WESTERN UNITED STATES 


BY ELIOT BLACKWELDER 
(Abstract) 


At the last meeting of the Society the writer outlined the evidence of four 
distinct glacial epochs on the east slope of the Sierra Nevada in California. 

On the western slope likewise the glaciers of the Lundy (third) and Yosem- 
ite (fourth) epochs occupied the bottoms of the existing canyons, but the 
Sherwin (second) epoch is represented only by patches of till on rock shoulders 
hundreds of feet above the bottoms of the canyons. Nothing as old as the 
McGee (first) epoch has yet been identified on the western slope, where the 
thick forest and copious soil render glacial studies much more difficult than 
on the east side. ; 

The Ruby Mountains of northeastern Nevada clearly reveal cirques and 
moraines that are readily correlated with the Yosemite and Lundy stages, but 
only uncertain traces of Sherwin till were found. 

In the Wasatch and Uinta Ranges in Utah, the “older” and “younger 
moraines” mapped by Atwood were readily identified as belonging to the 
Lundy and Yosemite epochs. Sherwin drift was not definitely recognized. 
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For the later glacial epochs tentative correlations may be extended from 
the Mississippi Valley west to the Pacific Coast. The Yosemite epoch in the 
Sierra Nevada, Atwood’s “younger” or Wisconsin epoch, and the Pinedale stage 
of western Wyoming, are by common consent referred to the late Wisconsin 
epoch of the Mississippi Valley States. The Lundy epoch of the Sierra Nevada 
is strictly analogous to Atwood’s “earlier epoch” in Utah and the writer's Bull 
Lake stage in Wyoming. These have independently been correlated by Alden 
with the Iowan epoch of the Eastern States. The Sherwin till has the same 
characteristics and relations as the Buffalo drift of western Wyoming and 
apparently as the Kennedy drift in Montana and the Cerro till of Colorado. 
The McGee till of California is probably much older. The writer suspects 
that the Kansan and Nebraskan of Iowa are most likely to prove correlative 
with the Sherwin and McGee stages. 

There is an added importance to the making of these correlations because 
they will contribute notably to the establishment of a standard chronology for 
use in working out the Pleistocene history of the Cordilleran region. 


Brief remarks were made by Messrs. F. E. Matthes and William C. 
Alden, with reply by the author. 


LAKE MISSOULA AND THE SPOKANE FLOOD 
BY J HARLEN BRETZ 
(Abstract) 


It is suggested that bursting of the ice barrier which confined a large 
glacial lake among the mountains of western Montana suddenly released a 
very great quantity of water which escaped across the plateau of eastern 
Washington and eroded the channeled scablands. 

Lake Missoula, named and first described by J. T. Pardee, occupied a large 
number of connected intermontane valleys in Montana between the continental 
divide and the panhandle of Idaho. It rose to 4,200 feet A. T. and had a 
maximum depth of at least 2,100 feet. At the extreme northwestern end of 
the dam the ice was crowded against the steep north-facing terminus of the 
Bitterroots in the southern bifurcation of Purcell Trench. <A retreat of two 
miles here could empty the entire lake if there was free ‘escape westward. 

Seventy miles to the southwest, along the western arm of Purcell Trench 
and Spokane Valley, are the easternmost heads of the scabland channels, ap- 
proximately 400 feet higher than the lowest floor of Lake Missoula. If a burst- 
ing of the dam occurred, water could escape only along this seventy-mile 
stretch. Another ice dam, in the Columbia Valley near Lake Chelan, is 
necessary to deflect the escaping waters across the scablands. 

There is very little field evidence which can be interpreted as a record of 
such escaping water between the lake basin and the scabland channels. The 
valley is capacious and its present floor is 400 to 500 feet below the channel 
heads. If it was ice-free at the time, it may have carried the torrential dis- 
charge postulated without being notably scoured. If it contained ice, the 
discharge may have traversed this without great alteration of the ice-free 
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slopes. Moraine topography on the floor was either covered by ice at the time 
or is a later deposit. There are also remnants of a large pre-Wisconsin valley 
train, built by waters which escaped either through Grand Coulee after it had 
been deepened several hundred feet or along an ice-free Columbia Valley 
around the northern edge of the plateau. In either case the valley train is 
younger than the Spokane Flood. Some moraines on the northern edge of the 
plateau lie very close to, or actually in, the channel heads. They may record 
a re-advance of the ice here after the great discharge had céased or they may 
be a product of a later glaciation. If the latter is correct, the Spokane 
glaciation (named from them) and the Spokane Flood did not occur during 


the same epoch. 


RELATION OF YAKIMA VALLEY TO THE CHANNELED SCABLAND 


BY J HARLEN BRETZ 
(Abstract) 


Yakima River enters Columbia River near the southern and lower limit 
of the plateau scabland. Yakima Valley is a group of structural depressions 
connected structurally or by short canyons across separating upfolds. The 
convergence of two anticlinal fol€s produces a noteworthy narrowing of the 
valley just above its junction with the Columbia. Glacial silts and berg-trans- 
ported erratics occur throughout this valley up to 1,100 feet A. T. The 
maximum depth of the water recorded was 600 feet. Evidence will be pre- 
sented to show that the water was backed up the Yakima from the scabland, 
that in the narrows near the mouth it possessed tremendous current up the 
valley floor gradient and that much of the erratic material came from the 
Rocky Mountains in northern Montana and Idaho. 


Brief remarks were made by Dr. William C. Alden. 


EVIDENCE OF STAGNATION DURING DEGLACIATION OF THE NASHUA VALLEY 


BY THOMAS C. BROWN 
(Abstract) 


The Nashua Valley contains extensive and widespread deposits of sand and 
gravel, delta-like in composition, laid down at the close of the Wisconsin 
glaciation when the ice sheet was finally disappearing from the New England 
area. These have previously been explained as delta deposits in a series 
of lakes or successive stages of a single lake which occupied the valley, held 
there by the rim of the valley and the gradually retreating ice front. This 
hypothesis will explain a number of the larger features of these deposits but 
when they are studied in greater detail and their internal structure and 
their relation to the surrounding areas are taken into consideration, there 
are many features which cannot be explained in this way. 

Among the features which cannot be explained on the hypothesis of normal 
delta deposits in an open iake in the valley are the following: 1, extensive 
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deposits of sand and gravel in both longitudinal and transverse ridges near 
the middle of the valley; 2, ice contact slopes on both the north and south 
sides of the transverse ridges; 3, absence of varved clays in the center of the 
valley where these should occur if the valley was occupied by an open lake; 
4, the presence of till or ground moraine in the center of the valley, sur- 
rounded on all sides by extensive deposits of sand and gravel; 5, the con- 
stitution of the delta deposits, namely the presence of very large boulders 
or layers of smaller boulders and cobbles interbedded with fine material; 6, 
extensive deposits of sand and gravel around isolated hills at high elevations, 
and the absence of deposits in certain basins like Wachusett pond and Notown 
reservoir. 

Any one of these features would be sufficient to make very doubtful the 
presence of an open lake in the valley. Taken together the cumulative evi- 
dence is sufficient to prove the impossibility of the open lake hypothesis. 


Brief remarks were made by Messrs. F. K. Morris, William C. Alden, 
and George H. Chadwick. 


LAST ICE RECESSION IN NORTHERN MANITOBA! 
BY ERNST ANTEVS 
(Abstract) 


Glacial Lake Agassiz persisted until the ice front, which then trended about 
north and south, had withdrawn east of the middle course of Nelson River. 
In the region west and south of this line the retreat of the ice border is 
recorded by varved clays, among other things. 

Observations of striae by William McInnes, W. A. Johnston, the writer, 
and others show that the ice border gradually changed its front in the area 
from a little north of west and south of east on Wekusko (Herb) Lake 
to nearly north and south on the Nelson River 

Varve material obtained last summer records a halt of several hundred 
years’ duration in the ice retreat just northeast of Wekusko Lake. This was 
perhaps a later halt than that which formed the The Pas moraine. In the 
southern half of Setting Lake the ice broke up at the rapid rate of about a 
mile in three years. On Wintering, Landing, Pikwitonei, and Armstrong 
lakes and on Nelson River the rate of the ice recession averaged about six 
years per mile (50 miles in about 300 years). 

Marine shells from the late-glacial submergence were found a few miles 
southwest of the railway bridge across the Nelson at the Kettle Rapids. This 
is just inside the highest marine beach yet observed (430 feet—Johnston). 


Read by title. 


1 Published by permission of the Director, Geological Survey of Canada. 
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UPPER HUDSON INTERGLACIAL VALLEY 
BY JAMES H. STOLLER 
(Abstract) 


Borings made by engineers constructing dams show that the gorge of the 
upper Hudson is filled with deep deposits of till like material. The facts dis- 
closed by these borings and the topographic features of the valley afford 
ground for certain conclusions as to changes in the course of the river and 
the succession of glacial stages in this region. The present valley of the 
river where it cuts across the southern spur of the Adirondacks follows the 
course of a buried, interglacial valley. Its preglacial valley lay west of that 
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F1G. 1.—Sketch-map showing age relations of Hudson Valley from Luzerne (north of) 
Fort Edward 


spur, its position having been determined by the structure of the Paleozoic 
beds. The till like deposit which fills the interglacial valley was brought 
down by the Wisconsin ice-sheet. The present valley, which is V-shaped, is 
cut in the till and is postglacial age. 


Geologists who have studied the upper Hudson valley agree that in 
preglacial time the river that followed the present course of the Hudson 
in the region about Luzerne and Corinth continued southward, following 
the Paleozoic basin toward Ballston Spa.1_ During Pleistocene time the 


1W. J. Miller: Geological history of New York State. Bull. New York State Museum 
No. 168, 1914, p. 111. H. P. Cushing and R. Ruedemann: Geology of Saratoga Springs 
and vicinity. Bull. New York State Museum No. 169, 1914, p. 12. 
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river was diverted from this course and occupied its present channel from 
Corinth southeastward nearly to Glens Falls, passing across the southern 
spur of the Adirondacks. 

Borings made in the construction of dams across the river in this 
region reveal a buried valley. At Spiers Falls the borings, which were 
carried through a till like deposit to bedrock, give a complete cross sec- 
tion of the earlier valley and its filling. About 3 miles west of Glens 
Falls, at the Sherman Island dam, where the river emerges from the 


Fic. 2.—The Hudson Valley below Spiers Falls 
The Valley is shown as being broadly V-shaped. The slopes are generally till covered. 


mountains and flows on the general Hudson plain, the borings disclose 
the buried valley, although those made in the middle part of the bed of 
the river were not carried to bedrock. 

Through the courtesy of the engineers in charge of the construction of 
the dams copies of drawings showing the profile of the bedrock are given 
here (figures 3-4). Acknowledgements for the use of these drawings 
are due to Mr. H. W. Hale, engineer in charge of the Sherman Island 
Dam, and to Mr. H. deB. Parsons, engineer in charge of the construction 
of the Spiers Falls dam. 

The data thus obtained and those afforded by the topography,? furnish 
a basis for certain reasonable deductions as to the succession of glacial 
stages in this region. They show that the valley of the Hudson from 


2J. H. Stoller: Glacial geology of the Saratoga guadrangle. Bull. New York State 
Museum No. 183, 1916, pp. 28-35. 
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Corinth to the place where the river emerges from the Adirondack region 
is of interglacial origin. 

Beneath the bed of the present river there is an earlier rock valley or 
gorge, now filled with glacial débris. At Corinth, where the Adirondack 
stretch of the valley begins, the river enters an open gorge cut in Cam- 
brian rock at elevation of 519 feet. The bottom of the buried rock 
gorge at Spiers Falls is at elevation of 288 feet, about 250 feet below 
the bed of the present river. At Sherman Island the drill penetrated 
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Fic. 3.—Spier Falls Dam 


the filling of the earlier valley to an elevation of 220 feet, the rock 
bottom of the gorge lying at an undetermined depth below. At Little 
Bay, a short distance down the valley from the site of the dam, borings 
were carried down to an elevation of 210 feet, where they were still in 
the glacial fillings, which is there fine sand. These concordant elevations 
indicate a continuous valley cut in rock from Corinth to Shelter Island. 
If the gorge at Corinth represents the head of this early rock valley, its 
fall from Corinth to Sherman Island was 519 feet less 210 feet, the 
depth at which the deepest boring terminated in the glacial fill. These 


VII—Bw.tu. Grou. Soc. Am., Vou. 41, 1930 
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tween Corinth and Sherman Island, a distance of about 9 miles. 
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Fic. 4.—Sherman Island Dam 


The open gorge at Corinth extends to Palmer Falls, a distance of about 
half a mile, and is there covered with glacial till like deposits. 


From 


elevations indicate a fall of more than 309 feet in the earlier valley be- 
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that point downstream the walls of the present valley are composed of 
till, though pre-Cambrian rock is exposed at some places. At the base 
of the walls of the valley many large boulders have accumulated. The 
dam at Spiers Falls makes deep water nearly to the falls below Palmer, 
but boulders lying in the channel indicate that the bed of the river in 
this stretch is composed of till. 

In general the valley is broadly V-shaped in cross section. At some 
places the walls of the valley are terraced, and large boulders lie on the 
faces of the terraces. 

These facts show that the earlier valley had all the characteristics of a 
valley in a youthful stage of erosion. This valley could not have been 
preglacial, for it lacks the features of an old valley. Moreover, the pre- 
glacial valley of the Hudson evidently extended southward from Corinth. 
The present V-shaped valley, cut in till, is obviously of post-Wisconsin 
age and the underlying rock valley was eroded during an interglacial 
stage. 

Woodworth* has stated that the present course of the Hudson from the 
elge of the Adirondacks, at the site of the Sherman Island dam, to 
Fort Edwards is postglacial. His conclusion is verified by the borings 
made at Sherman Island. The bottom of the interglacial valley lies 
at an elevation below 210 feet. The Hudson River now flows over rocks 
at the rapids in Glens Falls at an elevation of 260 feet. The present 
Hudson therefore does not follow the course of the interglacial Hudson 
from Sherman Island onward. We may suppose that it flowed south- 
ward and that the rock depression from a point north of Satratoga Lake 
through Round Lake to the present Hudson at Mechanieville may be 
the channel of the interglacial Hudson. Woodworth writes :* “It seems 
probable that Round and Saratoga lakes are unfilled depressions mark- 
ing the site of an old valley west of the present Hudson gorge.” 


PALISADE GLACIER, SIERRA NEVADA MOUNTAINS, CALIFORNIA 
BY 0. D. VON ENGELN 


(Abstract) 


Talisade glacier, situated at the foot of a high and very extended cirque 
wall which has evoked this term, is located just below the summit of Mount 
Sill (latitude 37° 6’ north, elevation 13,000 feet). This location entitles it to 
be called the most southerly glacier in the United States and is much larger 
than many of the cliff glaciers and “glacierets” farther north. 


3 J. B. Woodworth: Ancient water levels, Bull. New York State Museum No. 84, 1905, 
p. 75. 


4 Op. cit., p. 76. 


100 PROCEEDINGS OF THE WASHINGTON MEETING 


An upper, higher level arm of the Palisade glacier appears to fill one cirque 
basin quite completely and to overflow from this reservoir as a distinct lobe 
to join an ice-sheet at a lower level that has an independent development. 
End moraines, convexity of upper surface of the overflow tongue, marked 
crevassing, glacier tables, and a conspicuous bergschrund, are some of the 
items that show Palisade glacier to be endowed with true glacial qualities. 

Palisade glacier is a remnant of an earlier, vast valley glacier system 
occupying the forks and main valley of Big Pine Creek. These valleys near 
the existing glacier front show abundant evidence of the recency of ice 
occupation of much wider areas than at present. Interesting ‘‘chute” flow 
channels with glacier-grooved sides and roches moutonnées were noted. A 
peculiar kind of rock pavement made up of small angular rock fragments 
evidently was deposited as ground moraine and then had the fine material 
of such boulder clay removed since by the wash resulting from snow melting. 
Snow supply does not seem to be abundant or rapid during the early part 
of the accumulation season. 


Read by title. 


PRE-GLACIAL DRAINAGE OF SAINT MAURICE VALLEY IN QUEBEC 
BY IRVING B. CROSBY? 
(Abstract) 


The present arrangement of the drainage of the Saint Maurice Valley in the 
Province of Quebec has little relation to the pre-glacial drainage. The mod- 
ern Saint Maurice River occupies parts of the valleys of several pre-glacial 
streams and now flows up old valleys in two cases, and there are other ex- 
amples of reversed stream courses. The pre-glacial drainage had a_ rec- 
tilinear pattern due to the structure of the country, with the major streams 
flowing from northwest to southeast or from northeast to southwest. The 
upper parts of the Saint Maurice, the Vermillion and the Mattawin rivers, 
have been turned from their former valleys by deposits of glacial drift, and 
now flow northeasterly in parallel courses. These three lines of extensive 
glacial deposits suggest three halts of the ice-sheet. 

The pre-glacial valleys are deeply buried, despite their narrowness, and 
bedrock is known to be near sealevel, over 500 feet beneath the floor of 
the Saint Maurice Valley at La Tuque, giving further evidence that the land 
stood much higher when the valley was formed than at present. 

Both the airplane and electrical prospecting have been used in making this 
preliminary study. By viewing the country from the air and studying air 
photographs, much was learned about the structure of the region and the 
location of ledges. The depth to rock was determined by electrical pros- 
pecting in six different localities. 


Brief remarks were made by Prof. Alfred C. Lane. 


1 Introduced by Alfred C. Lane. 
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AGE OF THE APPALACHIAN PENEPLAINS 
BY GEORGE H. ASHLEY 
(Abstract) 


As the result of cumulative studies the author concludes that the Kittatinny 
peneplain trace in the Appalachian region is not older than late Miocene, if 
so old. His conclusion is based on comparisons of, (1) the relative amount of 
erosion since uplift of the peneplain as compared with that necessary to 
produce it; (2) the present angle of slope of the peneplain from southeast to 
northwest with the slope under the several post-Paleozoic sediments in the 
Coastal area; (3) the material removed from below the horizon of the pene- 
plain with the sediments accumulated in the Coastal Plain area; (4) the 
amount of material removed in the Mississippi Valley area, and the present 
rate of erosion in that area. 

The remarkable concordance of elevation of the present Appalachian Moun. 
tains, notwithstanding rock differences indicates a reduction since the up- 
lift of the peneplain of not more than a few hundred feet, contrasted with 
20,000 or 30,000 feet of reduction before uplift. 

The highest or Kittatinny peneplain in Pennsylvania has a gradient of 
about 16 feet to the mile contrasted with about 75 feet to the mile of the sub- 
Cretaceous peneplain, of 40 feet to the mile for the sub-Tertiary plain, and 25 
feet to the mile of the sub-Kirkwood (Miocene) plain. 

Again it is of interest to compare the estimated volume of rock removed 
from below the Kittatinny peneplain with that laid down in the Coastal 
area, or with the rate of erosion in the Mississippi Valley. All of these lines 


of evidence appear to yield concordant results. 
Brief remarks were made by Messrs. George W. Stose and George H. 
Chadwick. 


GEOLOGICAL ANALYSIS OF SOME TECTONIC PHENOMENA ON THE MOON 
AND THEIR RELATIVE AGE 
BY OTAKAR MATOUSEK ? 
(Abstract) 


The author tried to study some parts of the surface of the moon from the 
tectonical point of view. As result it was possible to indicate the relative 
age at least of a few geological phenomena. 

We can recognize very distinctly three systems of faults of different direc- 
tion in the district called Mare Imbrium. Some of them are cut and dis- 
located by younger faults. The displacement being morphologically very 
distinct there can be no doubt about their relative age. A row of craters is 
set up on a very young fault. 

The youngest systems of faults are visible also in the “sea” (mare) but we 
have no marks of the older ones. In this way we may draw the relative 
age of the eruption of the lava in comparison with the tectonical events. 


1Introduced by Charles P. Berkey. 
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JOINT SESSION WITH THE PALEONTOLOGICAL SOCIETY 


At 4 o’clock, the hour announced for the joint session with the 
Paleontological Society, the meeting was taken in charge by Vice-Presi- 
dent E. C. Case and the following papers were presented. 


TITLES AND ABSTRACTS OF PAPERS 
STRATIGRAPHY AND THREE-FOLD OROGENY OF THE NORTHERN 
APPALACHIANS 
BY CHARLES SCHUCHERT 
(Abstract) 


xreater Acadia, or the area of the New England States and the Maritime 
Provinces of eastern Canada, constitutes a structural crustal unit quite dis- 
tinct from any other in North America, in that its major folds, inherited from 
Proterozoic times, were refolded in late Ordovician (Taconic) and Devonian 
(Acadian) times, and partially crossed by the Appalachian orogeny. 

The inherited structure is that of (1) the Saint Lawrence geosyncline, oc- 
cupying the western and northern half of the area; (2) the narrow New Bruns- 
wick geanticline; (8) the smaller, eastern, Acadian geosyncline; and (4) the 
outer wide borderland or geanticline Novascotis, now very largely warped and 
faulted into the Atlantic. These fundamental structures were in existence 
as early as late Lower Cambrian time, and were accentuated as sinking or 
rising fields until the Middle Devonian, when all of Greater Acadia was trans- 
formed into land. Almost all later Paleozoic deposition (except the late 
Lower Carboniferous marine beds) was of continental type, and spread as 
flat-lying strata from Novascotis widely across the peneplaned Acadian folds, 
the New Brunswick geanticline, and a part of the Saint Lawrence geosyncline. 

To determine the time of the various orogenies, it was necessary to review 
in considerable detail the stratigraphy and faunas, and to harmonize them 
with the broader structural conditions. During the past thirty years, all of 
the important sections and faunas of this immense area have been seen by 
Sechuchert or his graduate students, and now this stratigraphic paleontology 
is brought together in synoptic form, except for that of Newfoundland, which 
is presented in somewhat more detail. 

The three-fold anchoring of the area into permanent dry land by the de- 
formations progressed from the interior outward, as follows: (A very local 
movement at the close of the Cambrian, as yet known only in northernmost 
Vermont.) (1) The Taconid isoclinal intense folding and overthrusting, with 
areas of nappes, which is very widespread in the western part of the Saint 
Lawrence geosyncline through eastern New York, the Taconic, Green, and 
inner or northern side of the Notre Dame mountains, thence across the Gulf 
of Saint Lawrence and central Newfoundland into the Atlantic ; this disturbance 
continues south in the Appalachian geosyncline as far as central eastern Penn- 
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sylvania. (2) The Acadian revolution, when the remainder of the Saint 
Lawrence geosyncline, the New Brunswick geanticline, the Acadian trough, 
and the borderland Novascotis were folded almost wholly into permanent dry 
land; later, however, in Windsor (late Lower Carboniferous) time, the ocean 
invaded one of the intermontane valleys (Northumberland channel) from the 
northeast across central Newfoundland, the New Brunswick geanticline, and 
the Acadian trough into the Bay of Fundy. (3) The Appalachian revolution, 
which elevated epeirogenically, faulted, and locally crossfolded (best seen in 
the Long Range Mountains of Newfoundland) the Maritime Provinces, and 
refolded (crossed) the southwestern part of the Acadian geosyncline from 
the Bay of Fundy across southernmost Maine and eastern Massachusetts. 


Read by title. 


SINIAN CAMBRIAN AND OZARKIAN STRATA OF SOUTH MANCHURIA 


BY CHARLES E. RESSER AND RIUJI ENDO 
(Abstract) 


Part I, containing an historical introduction, descriptions of the formations 
and of the stratigraphic sections is written by R. Endo. Part II, describing 


the fossils, is the joint work of Charles E. Resser and R. Endo. 

Five pre-Cambrian formations for which we use Grabau’s term Sinian, 
closely resemble the Belt Series of Montana both in thickness (2,700 meters), 
lithology and algal zones. The Lower Cambrian consists of only one forma- 
tion with a Redlichia fauna, but the Middle Cambrian is represented by five 

One undoubted Upper Cambrian formation is present. If the 
Yenchou is not also Upper Cambrian then the Ozarkian is repre- 
The Cambrian totals 1,280 meters and the 


formations. 
succeeding 
sented by three formations. 
Ozarkian 375 meters. 

The pre-Ordovician formations of South Manchuria do not extend north of 
the watershed between the Hun and Taitzu rivers. It is possible to group 
their outcrops into three general districts; viz: the Taitzuho district in the 
north; the Pechili district south of the intervening granitic area; and the 
Sanshiblipu-Chinchou and Aigawa areas, in the Kuantung district. 

More than 150 new species are described, and in addition many old forms 
are redefined or discussed, including Asiatic species from Yunnan, China, 
and Korea. 

Of particular note is the strong development of the Ozarkian with its 
characteristic species of Hremoceras and Saukaspis, as compared to the in- 
ferior development of the Upper Cambrian. Also the Middle Cambrian T'uzoia 
fauna is particularly interesting because of its North American relationships, 
but in addition contains the European genus Conocoryphe. 


Read by title in the absence of the authors. 
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NEW SPECIES OF CARBONIFEROUS AMMONITES ILLUSTRATING DOWNWARD 
EXTENSION OF THEIR GENERA IN THE PENNSYLVANIAN OF 
NORTH CENTRAL TEXAS 
BY GAYLE SCOTT AND FREDERIC B, PLUMMER 
(Abstract) 


This paper describes a new species of Daraelites (D. grahami) a new 
species of Prothalassoceras (P. terana), and two new species of Marathonites 
(M. moorei and M. brazoense). Marathonites ganti J. P. Smith is reported 
from a new locality. The three genera to which these species belong are 
shown to occur much lower in the stratigraphic column, than has heretofore 
been reported. 


Presented by Professor Scott. 


PERSISTENCE OF THIN BEDS IN THE PENNSYLVANIAN OF THE NORTHERN 
MID CONTINENT REGION 
BY G. E. CONDRA, C. 0. DUNBAR, AND R. C. MOORE 


(Abstract) 


Study of the Pennsylvanian deposits of Iowa, Missouri, Nebraska, and 
Kansas has resulted in recognition of about 150 named stratigraphic divi- 
sions. The majority of these are only a few feet in thickness and some only 
a few inches. Yet with few exceptions they may be followed for hundreds 
of miles along the outcrop, and are found to present amazing persistence of 
lithologic, faunal and thickness characters. These persistent units include 
shales, limestones and coal beds. The coals are extremely valuable horizon 
markers, some of them only an inch or two thick being traceable for more 
than 300 miles. Recent field work shows that the stratigraphic section of 
southern Kansas and northern Oklahoma contains almost every one of the 
units in the type sections of northern Kansas, Nebraska, and Missouri. Corre- 
lation of the northern Oklahoma formations and a revision of stratigraphic 
nomenclature are presented. 


Presented by Doctor Condra, and additional comments made by Pro- 
fessor Dunbar. 
Brief remarks were made by Prof. W. H. Twenhofel. 


EXTINCTION OF PLEISTOCENE MAMMALS 
BY WILLIAM BERRYMAN SCOTT 
(Abstract) 


It is frequently assumed that the presence of any Pleistocene species of 
mammal is proof that the beds in which it occurs are of Pleistocene date; 
but such an assumption is entirely untenable, because the Pleistocene fauna 
died out in a very gradual way and at different dates in different places. The 
greater part of the fauna would seem to have survived glacial conditions. 
Some mastodon skeletons show every evidence that the animals lasted down 
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to very late periods well within “historic times,” as that phrase is construed 
in Europe. The Warren mastodon, for instance, now in the American Mu- 
seum of Natural History, was found with quantities of hair around it, and 
with the contents of the stomach still in recognizable condition. The unique 
skeleton of Cervalces which is in the Princeton Museum was found in post- 
glacial deposits in northern New Jersey, in an area which had been covered 
by Pleistocene ice. The skeleton of one of the great ground-sloths has been 
found in an Appalachian cavern with the ligaments still attached to the bones, 
Very famous are the pieces of skin of the extinct ground-sloth Grypotherium, 
which were found in association with the skull in a cavern at Last Hope 
Inlet, Patagonia. These large pieces of skin retain the hair in perfect 
preservation; and the skull, which shows clear evidence of the animal having 
been killed by man, still has red blood stains unmistakably shown. Asso- 
ciated with these remains are the bones of an extinct horse and an extinet 
eat, all of them but a few centuries old. Most remarkable of all, however, 
is a discovery recently announced by Dr. Spillman. He records finding a 
mastodon skeleton in Ecuador which had been killed and roasted by the 
Indians, who built fires around the carcass, the coals and ashes of which still 
remain, and several of the bones are charred. Associated with this skeleton 
are many remains of pottery, some of them datable, and these show that the 
animal lived as late as the fourth century A. D. 


PLANS FOR EDUCATION WORK OF A PHILOSOPHICAL CHARACTER AT 
YAVAPAI POINT, GRAND CANYON, ARIZONA 
BY JOHN C. MERRIAM 


(Abstract) 


The program designed to open to the visitors to national parks oppor- 
tunity for understanding great natural phenomena brings to the representa- 
tives of the natural sciences a large responsibility for interpretation of these 
special features. Plans for educational work at the Grand Canyon include 
establishment of a station from which an exceptional view of the greatest 
features of the canyon may be obtained. From this station at Yavapai 
Point, one and one-third miles east of El Tovar Hotel, it is possible to 
observe the outstanding geological, paleontological, and biological features 
of the canyon: 

The plan as developed at Yavapai Point furnishes opportunity for direct 
observation of the most striking aspects of the canyon story, both with and 
without the aid of telescopes. There is also arrangement at the station for 
study of specimens brought from the principal localities. There is also pro- 
vision for guidance by a trained naturalist and instruction as to ways by 
which the several localities of peculiar interest in the canyon may be visited. 

One of the outstanding opportunities involved in this arrangement for study 
of the features of the canyon lies in the fact that there is shown here the 
interrelation of the many types of phenomena. There is expressed in an 
exceptional way the unity of the processes in nature through which the 
geological, paleontological, and biological features have been produced. 
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ORIGIN AND DEVELOPMENT OF NATURAL BRIDGE, VIRGINIA 
BY CLAUDE A. MALOTT AND ROBERT R. SHROCK 
(Abstract) 


Natural bridges are rare features. Very few of them actually serve as 
bridges across the streams they span. The Natural Bridge of Virginia is not 
only a model of its class, but it serves as a bridge across the canyon of 
Cedar Creek on Federal Road Number 11, one of the most important thorough- 
fares in the eastern part of the United States. The bridge span is composed 
of massive limestone rock about 50 feet thick, the roadway surface of which 
is 200 feet above the stream in the canyon below. The span is about 90 feet 
long and 50 feet wide at its narrowest part. Its sides are walled with 
cement and boards, so that no view may be had of it from the roadway. The 
walls of the canyon here form sides of a deep tunnel arched over by a 
part of the very rock formation which composes them, The flat arch made 
by the bottom of this magnificent monolithic structure is fully 150 feet above 
the bottom of the short tunnel which so peculiarly divides the canyon into 
two parts. 

Two theories have been proposed to account for the Natural Bridge of 
Virginia. F. W. Gilmer, in 1816, developed the idea that the natural span 
had its origin in the diversion of Cedar Creek through a subterranean pas- 
sage beneath a ridge, and by the caving in of the developed and deepened 
cavern tunnel beneath the ridge the tunnel was shortened to its present rem- 
nant, Natural Bridge. The present rock-walled canyon represents the modi- 
fied and unroofed part of the cavern passage developed by Cedar Creek 
through the ridge. In a brief paper published in 1893, C. D. Walcott stated 
a theory of origin differing considerably from that of Gilmer’s published 75 
years earlier. Under this theory Natural Bridge was formed by the develop- 
ment of a subterranean passage starting in the bed of Cedar Creek some 
distance back of the crest of a waterfall and coming out at its base. In 
time all of the water was diverted through this passage, leaving the bed 
above the crest of the fall dry. The present Natural Bridge is what is left 
of the arch above the developed conduit beneath. Lately the Walcott theory 
has received the most attention. Both theories are alike in that they involve 
an origin dependent on subsurface solution along lines of water seepage, 
such as joints and bedding planes, in limestone strata, and both call for sub- 
terranean diversion of Cedar Creek from some surface route. Neither of 
these theories appear to have been tested out by field investigation. They are 
taken by others about as presented by their originators. 

Last summer an investigation of the Natural Bridge locality was made 
with the view of determining if possible the origin and development of 
Natural Bridge. It was found that the bridge is located on an easterly 
slope which rises from the broad valley of a small tributary which enters the 
gorge of Cedar Creek below the bridge. Its position on this slope is inimical 
to the Walcott theory. Up the gorge, about one-fourth of a mile from the 
bridge, Cedar Creek makes an abrupt turn from a northerly direction back 
to the southeast. To the north of this turn is a high-level col in which 
oceur gravels and cobbles of hard sandstone derived from the headwater 
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portion of Cedar Creek. This col opens into the broad valley of the tribu- 
tary stream mentioned above. Judged from the relations of the col and the 
gravels to the broad valley of the present tributary, it appears that Cedar 
Creek in the cycle before the present intrenchment passed in a northerly 
extending loop about a meander spur in a high-level valley. Uplift initiated 
the present cycle of stream intrenchment, and after the intrenchment of 
Cedar Creek had reached the lower limb of the meander loop, a subterranean 
passage was developed through the nearly horizontal limestone of the meander 
spur, the structure having favored such initial passage. In time Cedar 
Creek abandoned the northward meander loop, the lower limb of which was 
inherited by the present tributary known as Cascade Creek. The initial sub- 
surface passage was nearly 2,000 feet in length. It was gradually unroofed 
and the debris dissolved and washed away except the present natural span 
in the more massive rock somewhat east of the axis of the nearly 
severed meander spur. Hence the bridge is on the easterly slope of the old 
valley. The Gilmer theory of the origin and development of Natural Bridge 
is fully substantiated by the field evidence, while the Walcott theory becomes 


untenable. 


Presented by Doctor Malott. 


McELMO FORMATION IN NORTHEASTERN ARIZONA 
BY CHARLES C. MOOK 
(Abstract) 


The McElmo formation in this locality differs in its lithology and internal 
structure from its typical characters in other localities. It contains more 
wind-blown material, especially in its upper members, and less fluviatile sand- 
stones and shales, except in lower members. No fossils are found in upper 
members. Land shells and dinosaur bones are found in lower members. Upper 
members resemble underlying Navajo Sandstone, and indicate a return of 
conditions of eolian deposition after temporary fluviatile deposition. In other 
localities fluviatile deposition persisted. 


Read by title. 
At this point the session adjourned at approximately 5.25 p. m. 


ANNUAL DINNER 


More than 500 Fellows and friends of the Society, including members 
of the affiliated societies and visitors, assembled in the banquet room of 
the Wardman Park Hotel for the Annual Dinner. This is the largest 
number ever attending a dinner of the Society. It was arranged that a 
few very short after-dinner speeches should be given, and, following this, 
the local Pick and Hammer Club had arranged a special program to be 


given in the theatre. 
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President Ries introduced Alfred C. Lane as toastmaster, who stated 
that scientists were sceptical but of one thing at a time, and called on 
the following speakers—Marland P. Billings, John A. Dresser, William 
E. Wrather, George Otis Smith, and John E. Wolff—to tell what it was 
in their case. The toastmaster then introduced the President-elect, 
R. A. F. Penrose, Jr., who responded briefly; and also the newly elected 
Presidents of the affiliated societies, Herbert E. Merwin and William H. 
Twenhofel. 

The whole company was then taken to the theatre, where they were 
entertained in the presentation of an operetta, which for content and 
form was such as only the Pick and Hammer Club of Washington can 
produce. It included a succession of clever impersonations and allusions 
and amusing situations, all woven into a story that maintained its 
geological relations successfully from start to finish. The Society is 
greatly indebted to the group of Fellows who have devoted so much time 
to the preparation of this unique and eminently successful entertain- 
ment. It will long be remembered as a rare achievement of its kind. 


SESSION OF SATURDAY MORNING, DECEMBER 28 


The meeting was called to order by President Ries at 9:15 A. M., in 
the theatre of the Wardman Park Hotel, and proceeded immediately to 
the reading of scientific papers. 


TITLES AND ABSTRACTS OF PAPERS 
UNIQUE METHOD OF LOCATING GEOLOGIC STRUCTURES 
BY ROBERT H. CUYLER? 


(Abstract) 


A valuable method of identifying geologic formations is ignored frequently 
by field geologists. Geologists have long used fossils as indicators of forma- 
tions, but very few use plants. In many places plants are as indicative of 
the geologic formations as are the index fossils. It is to be understood that 
it is not impossible for plants to mislead one, but they are almost never 
failing in their distribution. A geologist who knows how to use plants can 
often map formations several miles away, because of the characteristic vege- 
tation which they bear. Most all geologic formations have distinctive floras 
which usually may be recognized easily. Many new structures have been 
located by this method of identifying the formations. Numerous examples 
are cited as illustrations. 


Brief remarks were made by Messrs. F. K. Morris, George H. Chad- 
wick, A. C. Spencer, and David B. Reger. 


1 Introduced by F. L. Whitney. 
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CALICHE AS A FAULT INDICATOR 
BY ROBERT H. CUYLER* 
(Abstract) 


Caliche varies according to its chemical composition and the conditions 
under which it is produced. Ordinarily caliche is white in color due to its 
ealcium carbonate content. It has been found in many faulted areas that 
ealcium laden waters rise along the fault plane due to hydrostatic pressure 
and on reaching the surface evaporate, leaving secondarily deposited lime 
or caliche. These deposits of caliche may frequently be traced for miles 
across open lands, over hills, and through valleys. It may easily be under- 
stood under these circumstances how caliche may prove to be very valuable 
as a fault indicator. 


Read by title. 
DEVELOPMENT OF DRAINAGE SYSTEMS 
BY WALDO S. GLOCK * 
(Abstract) 


The classification of the geographic cycle in use at present has proved 
somewhat unsatisfactory in recent physiographic studies dealing with re- 
gions under an average humid climate. It has been found a great convenience 
to adopt the dynamic viewpoint, that is, to subdivide the history of a drain- 
age system into certain stages dependent on the drainage pattern and the 
degree to which the streams have spread their control over the territory. 

The two chief stages recognized are extension and integration. The stage 
of extension refers to the events whereby the preliminary streams form along 
rather widely separated lines and gradually send out branches which in 
turn bifurcate one or more times. The process of extension continues until 
as much of the region as possible (under the particular climate) drains by 
the shortest route to a stream way, or until maximum extension has been 
attained. 

The stage of integration, following upon maximum extension, includes the 
sequence of events during which the number of tributaries decreases, ab- 
sorption occurs, and master streams, far out of proportion in size to the 
majority of the tributaries, take form. 


GREAT BAHAMA BANK—A MODERN SHELF LAGOON 
BY MAURICE BLACK ? 
(Abstract) 


The configuration of the shoals west of Andros Island, on the Great Ba- 
hama Bank, produces conditions resembling those which prevail in broad, 


1Introduced by F. L. Whitney. 
2 Introduced by Charles H. Warren. 
8 Introduced by Richard M. Field. 
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shallow lagoons, and the name Great Bahama Lagoon has been adopted for 
this region. The peculiarities of the shoals are: the large area of very shal- 
low water; the virtual isolation of this water from the open ocean, by rea- 
son of its shallowness rather than because of any material barrier; the 
steep and abrupt slope to deep water; the purity of the calcium carbonate 
sediments, and the unusually large deposits of fine grained carbonate ooze. 
These conditions, though rare in modern seas, are much better known amongst 
the Palaeozoic and Mesozoic limestones, and the term lagoon, in this ex- 
tended sense, has been in use for many years to describe such areas in 
Palaeozoic seas. 

During January, 1928, a reconnaissance expedition from Princeton visited 
the Great Bahama Lagoon to investigate the conditions of sedimentation in 
this remarkable area. The sediments show an arrangement which appears 
to be concentric with the edge of the bank. The shelf on which the shoals 
stand is fringed by a broken and partly submerged ridge of aeolian lime- 
stone; inside this is a belt of detrital carbonate sand, largely derived from 
the destruction of the ridge; this gives place to a shelly carbonate sand, 
merging into a central deposit of fine grained calcium carbonate ooze. The 
sediments on the floor of the lagoon are soft and unconsolidated, but evidence 
of lithification was found near Williams Island, where the shelly deposits of 
ooze are being cemented to form porous nodular masses, giving rise to a 
sediment similar to the pseudobreccias of the Palaeozoic limestones. 

Intraformational conglomerates were actually observed in the process of 
formation at several localities, and in each case the conglomerates resulted 
from the erosion of raised sediments; they are therefore connected with 
earth movement, and are indicative of definite breaks in the sedimentary 
sequence. No evidence was found of conglomerates which could be interpreted 
as resulting from seasonal or tidal phenomena. 


PALEOCEANOGRAPHY OF LIMESTONE SEAS 
BY RICHARD M. FIELD 
(Abstract) 


The origin of limestone and dolomite has been under investigation for a 
number of years. Since both calcium carbonates and magnesium carbonates 
may be formed by a number of different agents under different conditions, the 
chemistry of these compounds has been, and is being studied in several 
laboratories. It is expected that these laboratory studies will throw further 
light upon the possible origin of limestone and dolomite and help to demon- 
strate the different factors which may be effective in any given region. How- 
ever, there are certain chemical, physical and organic problems which, owing 
to their intricacy, can only be solved in their natural habitat. This applies 
particularly to marine bacteriology, ecology and the physical and chemical 
changes within the sediments. The numerous investigations which have 
been made on the Pacific reefs have thrown little or no light upon the origin 
of the pre-Tertiary limestones and dolomites. With the exception of the 
previous work by Vaughan, Drew and Goldman in the West Indies, little or 
no attention has been paid to the study of those portions of our modern seas 
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in which large quantities of relatively shell-less and pure carbonate deposits 
are being laid down. Recent investigations in the Bahamas have added some 
data which should prove of value in helping to solve problems in connection 
with the origin of the Paleozoic limestones; and conversely, the same data 
suggests that certain types of dolomites and cherty carbonates were deposited 
under conditions quite different from those existing in the Bahamas. During 
the past few years, greater refinement in the use of certain types of fossils 
has resulted in the correlation of extremely limited horizons over wide areas; 
and has made it possible to discover slight but important lithogic variations 
in homotaxial beds. The following conditions appear to have been fairly 
prevalent in the ancient seas in which carbonate deposits were being laid 
down: 

1. We can distinguish limestone formations which must have originated 
as organically precipitated deposits or orgahic growths without influence 
from land waters or transported material. 

2. We can distinguish impure limestones and dolomites in which any 
alteration which may have taken place must have been due to land waters 
and must have been syngenitic. 

3. With the beginning of true “reef-societies” in the middle and upper 
Paleozoic both “reef” and lagoon facies appear as “paired formations.” 

4. In the late Paleozoic and Mesozoic formations the more highly evolved 
reef facies may mark the line between different types of lagoon facies; the 
shore-ward lagoon being characterized by impure limestones or cherty dolo- 
mites which have been considerably affected by contributions by land waters; 
the outer lagoon or bank being characterized by relatively pure limestones. 


Brief remarks were made by Messrs. W. H. Twenhofel and Alfred C. 
Lane. 
STUDIES ON WEATHERING AND SOIL-FORMATION IN THE TROPICS. I 
BY M. W. SENSTIUS? 


(Abstract) 


Modern agro-geology—a branch of geology which, so far, has been more 
developed in Europe than in this country—holds the view that soil-formation 
is synonymous with rock-weathering, and that a mature soil, the ultimate 
result of weathering, is a function of the climate under which it was formed, 
independent of the original parent rock. The climatic factors, temperature 
and humidity, acting directly or indirectly through the vegetation, are thus 
most largely responsible for the major characteristics of a mature soil. 

In the tropics the temperature decreases with increasing altitudes just as 
in lowland areas outside of the tropics it decreases with increasing latitudes. 
Under similar humidity conditions tropical high altitudes should, therefore, 
show similar phenomena of weathering as on lowlands of the middle latitudes 
or, perhaps, even of the higher latitudes. 

The author found these ideas confirmed in field and laboratory studies of 
soils from altitudes above 2,000 m. (—6,600 feet) in the Netherlands East 


1Introduced by W. H. Hobbs. 
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Indies and in the Philippine Islands. Thus support is lent, from the oriental 
tropics, for the foundations of the modern agro-geological classification of 
soils. 

Brief remarks were made by Mr. C. F. Marbut. 


BOULDERS IN THE HUDSON RIVER FORMATION 
BY ALDRED S. WARTHIN, 
(Abstract) 

At Poughkeepsie, New York, a conglomerate of Normanskill age contains 
pebbles and boulders ranging up to more than three feet in diameter, em- 
bedded in a finely banded green shale, now metamorphosed. Soled surfaces 
and groovings on the boulders give the conglomerate the superficial appear- 
ance of a tillite, but these features are due to the metamorphism of the rock, 
and its Pleistocene glaciation. The occurrence of large boulders in such a 
fine clay calls for some unusual method of transportation, and rafting by 
floating ice seems the most likely explanation. 


Brief remarks were made by Messrs. W. J. Miller, Elra C. Palmer, 
and David W. Trainer, Jr. 


EROSION OF ELEVATED FRINGING CORAL REEFS 
BY J. EDWARD HOFFMEISTER 2 
(Abstract) 

The conditions of erosion of elevated fringing reefs which flank the higher 
voleanic cores of oceanic islands are presented. It is demonstrated that the 
drainage from the volcanic hills does not always cut gorges across the reefs. 
On the other hand, the water frequently sinks underground at the limestone- 
voleanic contact which it follows to the sea. In this way the limestone be- 
comes undermined and is forced to retreat. This retreat is accompanied 
by the formation of a valley, lined on the seaward side by a steep limestone 
cliff and by sloping volcanic hills on the landward. Eventually the valley 
would take on the general appearance of an elevated lagoon and the fring- 
ing reef that of a raised barrier reef. It is suggested that this may have 
been the origin of several so-called lagoons and elevated barrier reefs which 
recently have been described by some authors. 


Brief remarks were made by Prof. W. H. Hobbs. 
BAY OF FUNDY STRUCTURE ON THE EASTERN SHORE OF 
PASSAMAQUODDY 
BY H. DAYTON SQUIRES * 
(Abstract) 


In this district the section extends from pre-Silurian rocks at the base 
to Mississippian rocks at the top. These rocks constitute part of the north- 


1Introduced by G. H. Chadwick. 

2 Introduced by E. W. Berry. 

8 Published with permission of the Director, Geological Survey, Canada. 
4Introduced by J. Ernest Carman. 
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western limb of the Bay of Fundy syncline, but a study of the section shows 
that, in general, the rocks are progressively younger as traced to the north- 
west. 

This abnormal sequence of formations is explained by the diastrophic 
history of the region. The structure of the rocks in this locality shows two 
periods of folding followed by a period of overthrusting. This was followed 
by block-faulting, the last stage of the deformation in the district. 


ORIGIN AND GROWTH OF THE GREAT SALT LAKE OOLITES 
BY ASA A. LEE MATHEWS? 


(Abstract) 


After making a thorough study of the Great Salt Lake oolites, the con- 
clusion reached is that the zonal type originates just at the water's edge, is 
washed on the mud flats, and grows as it is driven inland by the wind. 
The zones correspond to the annual periodic climatic changes of the area, 
and are the result of direct precipitation of amorphus or crystalline aragonite 
or calcite from the evaporation of the capillary waters. The growth occurs 
during the early summer months when the temperature rise is greatest. 


NORMAL FAULTING 1N THE LAKE CHAMPLAIN REGION 
BY A. W. QUINN ? 
(Abstract) 


The area of Paleozoic sedimentary rocks lying between the westernmost 
overthrust faults of the Green Mountains and the pre-Cambrian rocks of 
the Adirondacks is cut by many normal faults. The faulting drops the rocks 
lower and lower to the east and only at a few places is a horst-and-graben 
structure developed. The faults have two main directions so that it is 
possible to arrange them into two systems, one with strikes northeast-south- 
west and the other with almost north-south strikes. The pattern made by 
these faults suggests that the north-south faults are older than the northeast- 
southwest fauits. This suggestion is strenghtened by the facts that the north- 
east-southwest group of faults shows quite plainly in the Adirondack topog- 
raphy to the west while the north-south faults have little if any effect. 
However it is considered that the two systems may represent two prominent 
directions in faulting which took place at one time. 

The youngest rocks involved are Upper Trenton in age. The normal 
faults are not seen to cut the overthrust masses to the east so it is concluded 
that they were formed before the overthrusting took place. It is generally 
considered that this overthrusting was developed during the Appalachian 
Revolution. If this is so the date of the normal faulting must be between 
Upper Trenton and the end of the Paleozoic. . 

It is inferred that the crustal shortening involved in the Appalachian Revo- 
lution was preceded by tension, which may have been a result of stretching 


1 Introduced by R. S. Bassler. 
2 Introduced by Kirtley Mather. 
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along the edges of the Appalachian Geosyncline as it sagged under its load of 
accumulating sediments. An alternative hypothesis is that the normal fault- 
ing is entirely unrelated to the geosyncline. If unrelated to the geosyncline 
it might be connected with the doming of the Adirondacks, but the area of 
faulting and the directions of the faults do not seem to be controlled by 
forces that would produce a circular dome-shaped mass such as the Adiron- 
dacks. 


SEQUENCE OF THE ERUPTIVE ROCKS NEAR BALTIMORE 


BY EDWARD H. WATSON + 
(Abstract) 


The Piedmont Province in Maryland is composed of a series of crystalline 
foliated rocks of pre-Cambrian age which have been extensively intruded by 
eruptive rocks. The Baltimore gneiss is the oldest formation and is uncon- 
formably overlain by the Glen Arm Series of quartzites, crystalline lime- 
stones, mica schists and phyllites. E. B. Knopf and A. I. Jonas in their study 
of this region recognize four different periods of igneous activity: I. an early 
pre-Cambrian granitic intrusion into the Baltimore gneiss but pre-Glen Arm 
in age; IJ. a series of gabbros, ultrabasic rocks, serpentines, granites, and 
quartzdiorities of later pre-Cambrian age intrusive into the Glen Arm series; 
III. the Woodstock-Ellicott City granite and associated pegmatites of “epi- 
*aleozoic” age; and IV. dikes of Triassic diabase. I. and IV. are of small 
extent, whereas IT. includes the greater part of the igneous rocks of the area. 

Evidence will be presented to show that the rocks of Groups II. and III. 
are of the same age, and that their intrusion was contemporaneous with and 
not subsequent to the regional metamorphism. 

This evidence may be briefly summarized as follows: 

1. The Woodstock-Ellicott City granite is strongly, deformed locally; at 
other places it shows no deformation. 

2. The pegmatites generally cut all the rocks except the diabase, but at one 
locality pegmatite is cut by granite. 

8. In Cecil County gabbro cuts granite, whereas in Baltimore County rocks 
of similar character show this sequence reversed. 

4. Parts of the large gabbro masses are deformed and parts are not. 

5. Basic pegmatites, differentiated from the gabbro, show no deformation. 

6. Pegmatites are widely distributed throughout the region, and show no 
deformation; it is probable that they are differentiates of the rocks of group 
II. as well as of the Woodstock granite. 

7. The regional metamorphism in Maryland is most intense in the eastern 
Piedmont, and decreases westward in correlation with lessened igneous ac- 
tivity. 

A definite age for this main period of igneous activity can not be given, but 
several reasons may be advanced which indicates a post-Cambrian age. 


Brief remarks were made by Prof. F. K. Morris. 


1 Introduced by Edward B. Mathews. 
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ISOSTASY; A CRITICAL REVIEW 


BY F. A. MELTON AND M. K. HUBBERT? 


(Abstract) 


| 


After reviewing the underlying gravitational theory, the more commonly 
used methods for the reduction of the observed value of gravity “g” are 
summarized. The relations between different kinds of anomalies (obtained 
hy different methods of reduction) and the distribution of the mass within the 
outer part of the earth are explicitly set forth. Tables of the different kinds 
of anomalies are compared. 

The geologic data pertinent to the question of isostasy are likewise reviewed. 

Conclusion. 1. Regions of the order of size of a physiographic province, and 
larger, seem to be usually in a state of approximate isostatic balance. 

2. Local isostatic balance as defined in the publications of the U. S. Coast 
and Geodetic Survey seems to be far from the truth. 

53. The “depth of compensation” had still best be considered an unknown 
quantity which may or may not have any real physical significance. 


tead by title. 


MAPS OF THE PLEISTOCENE GLACIATIONS 
BY CHESTER A. REEDS AND ERNST ANTEVS 
(Abstract) 


The twenty-one glacial maps comprising this paper represent the results of 
“a survey of present knowledge concerning the glaciations of the Pleistocene 
epoch in the northern and southern hemispheres excluding Africa and Aus- 
tralia which were but slightly glaciated, and Antarctica which, for the most 
part, is covered with ice. The areas mapped include: Two general maps of 
the northern hemisphere, one showing the maximum, the other the last glacia- 
tion; a map of North America and seven sectional maps, Newfoundland to 
Puget Sound which show the southern limits of successive ice sheets ; separate 
maps of western and eastern Europe; five regional maps of Europe; separate 
maps of northern and southern Asia, New Zealand and South America. 

The maps were prepared under the direction of Professor Henry Fairfield 
Osborn by a committee consisting of Professors IF’. Leverett, C. P. Berkey, 
I. Bowman and C. A. Reeds. The compilation was made by Dr. E. Antevs, 
September, 1928, to June, 1929, while the drafting by Messrs. G. Pinkley and 
E. J. Raisz was done under the supervision of Doctor Reeds. The Carnegie In- 
stitution of Washington has supplied the funds for compiling and drafting the 
maps and the Geological Society of America has undertaken their publication 
in the Bulletin, Volume 40, Part 4, now in press. 


Presented by Dr. C. A. Reeds. 
Brief remarks were made by Dr. William C. Alden. 


Introduced by Rollin T. Chamberlin. 
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STRATIGRAPHY OF THE HAMILTON GROUP OF NEW YORK 
BY G. ARTHUR COOPER? 
(Abstract) 


The Hamilton group is a great wedge of clastic sediments thinning west- 
ward across the State and grading with numerous shifts of facies from 
sands and arenaceous shales in the shoreward region of the east to black 
shales and calcareous shales in the west. The east-west shifts of lithic 
facies are attended by corresponding changes of faunal facies, the most 
notable of which is the gradual replacement westward of the Hamilton 
fauna by that of the Marcellus. The black muds of the Marcellus, often 
affiliated with the Onondaga, thicken eastward and are gradually replaced 
by grey arenaceous shale. Concordantly the Marcellus fauna grades eastward 
into one of Hamilton aspect. These phenomena have made it necessary to 
place the Marcellus formation in the Hamilton group, which, therefore, now 
consists, in ascending order, of the Marcellus, Skaneateles, Ludlowville, and 
Moscow formations. The Skaneateles formation and several members in the 
higher formations show a similar westward shift of faunal facies from 
one of Hamilton aspect in the east to a modified Marcellus fauna in the west. 

Lateral tracing of the various Hamilton strata shows that the Stafford 
limestone is the western equivalent of the Mottville member which is the 
accepted base of the Skaneateles formation at its type section. Therefore, the 
supposed Cardiff shale of western New York, lying above the Stafford lime- 
stone, is actually a modified Marcellus facies of the Skaneateles formation. 
The Centerfield horizon at the base of the Ludlowville has been traced east- 
ward into the type section of the group at Hamilton village proving the 
sequence there to be Skaneateles in age and not Ludlowville as supposed by 
Clarke. The Tichenor limestone extends from its type section, Tichenor 
Point, Canandaigua Lake, westward to Lake Erie, but in an easterly direc- 
tion it becomes shaly and disappears in the vicinity of Seneca Lake. The 
“Encrinal limestone” of Cayuga Lake, the accepted base of the Moscow, is 
not the Tichenor limestone but correlates with the Menteth limestone, lying 
fifty feet above the Tichenor at Canandaigua Lake. The Menteth limestone 
was followed to Spring Brook, Erie County, where by overlap it comes to 
rest on the Tichenor. However, it thins out before reaching the shore 
of Lake Erie. These facts necessitate a redefinition of the Moscow. The 
westward disappearance of successive faunal zones at the top of the Hamilton 
indicates unconformable relations between the Hamilton and the upper De- 
vonian. 

Brief remarks were made by Mr. David W. Trainer, Jr. 

STRUCTURE AND STRATIGRAPHY OF THE MATAPEDIA VALLEY, GASPE, 

QUEBEC 
BY GEOFFREY W CRICKMAY } 
(Abstract) 


A resurvey of the geology along the Matapedia River, made by the Geological 
Survey of Canada, shows that the formations, formerly assigned to the 


1 Introduced by Charles Schuchert. 
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Silurian, include strata of Ordovician (Richmond), Silurian and Devonian 
ages. At Matapedia village the Matapedia series (Richmond) is overlain 
unconformably by the Dalhousie beds (Helderberg). The Silurian is absent 
here, but 60 miles north at Lake Matapedia it rests, with nearly horizontal 
attitude, on the highly folded slates, volcanics and quartzites of lower and 
middle (7) Ordovician age. The Silurian and succeeding lower Devonian 
sequence in this area will be briefly described. 

Two periods of orogeny are recognized: Ordovician (Taconic) and Devonian 
(Acadian). The Ordovician rocks are severely folded and broken by numer- 
ous thrust faults. The complex structure of the Quebee group on the north 
coast of Gaspé originated for the most part during the late Ordovician post- 
Richmond deformation. The Silurian and Devonian strata are in open folds, 
more rarely overturned and cut by thrust faults. The overturning and thrust- 
ing is in all cases to the north. The structural axes of the two periods of 
folding are more or less parallel, trending north 60 degrees east, and apparently 
conditioned by the contour of the foreland, the Canadian Shield. 


CORRELATION OF THE McKENZIE SHALE 
BY FRANK MC KIM SWARTZ? 
(Abstract) 


At the type locality in western Maryland the McKenzie is about 250 feet 
thick, and consists of calcareous shale with some thin interbedded bands of 
limestone. It contains an abundance of characteristic ostracodes and some 
brachiopods and mollusks, while corals, bryozoa, and crinoids are almost 
wholly unknown. Although the nonstracode faunas suggest affinity to the 
underlying Rochester shale, Ulrich has considered the McKenzie Cayugan, 
in the sense of post-Lockport, largely because there is a marked change in 
the ostracodes in passing from the Rochester into the McKenzie, while three 
of the 39 known ostracode species pass from the McKenzie into deposits of 
undoubted Cayugan age. 

In central Pennsylvania the McKenzie is typical in thickness, lithology, and 
fauna at Mount Union, where a crinoid was found that is very close to, if not 
identical with, Closterocrinus elongatus of the Irondequoit limestone of New 
York. Farther north, near Lock Haven, a 30-foot coralline limestone, appar- 
ently devoid of ostracodes save for one zone of Leperditias, appears between 
an upper and a lower portion of the McKenzie shale, each with characteristic 
McKenzie ostracodes. The geographic relations, and abundance of the corals 
Favosites niagarensis, Cladopora seriata, and C. multipora, suggest that this 
limestone member is a southern tongue of the Lockport of western New York; 
a view which, if correct, would mean that the McKenzie is the clastic equiva- 
lent of the clear-water deposits of the Lockpert dolomite. The McKenzie 
ostracodes provide no adequate evidence either for or against this view: they 
do not show equivalence to any deposits known to be post-Lockport in age; the 
fact that they are post-Rochester in type does not show that they are post- 
Lockport in age, since the known Lockport and Rochester faunas are reason- 
ably distinct; their absence from the Lockport is inconclusive, particularly in 


1Introduced by E. W. Berry. 
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view of their absence from the coralline member of the McKenzie at Lock 
Haven, and since Lockport ostracodes are scarcely known, unless those of the 
McKenzie be Lockport in age. 


Read by title. 


LOWER MISSISSIPPIAN STRATIGRAPHY OF TENNESSEE 
ERWIN R. POHL! 
- (Abstract) 


Mississippian rocks in Tennessee have received but scanty and scattered 
published attention, although considerable light is shed on mooted regional 
problems by their study. The bed rock of nearly one-third of the state is 
composed of various horizons of the well developed Mississippian section. It 
is the purpose of this paper to compare the Tennessee Mississippian record 
of deposition through the Saint Louis formation with that of surrounding 
portions of the Interior Basin. 

Deposition in the Mississippic epeiric sea began with black shales com- 
parable with the Chattanooga formation which is found to occupy a high 
position in the Kinderhook series. Special attention is given to the conditions 
of deposition, the fauna, and the correlation of the Lower Osage New 
Providence formation. Peculiar instances of shallow-water sorting in the 
New Providence and the Fort Payne formation of Keokuk age are discussed. 
The complete faunal and physical changes with the inception of the Meramac 
series is brought to attention in the discussion of the Warsaw and Saint Louis 
formations. The discovery of the Spergen horizon of the Saint Louis formation 
and its distribution southward are reviewed and an accompanying, unique 
gastropod association is described. Finally, redundant nomenclature is re- 
duced to the commonly accepted terminology of the typical Mississippian 
succession. 


Read by title. 


“SEINE” OR “COUTCHICHING” ? 
BY J. E. HAWLEY ? 
(Abstract) 

In the vicinity of Sapawe and Steep Rock Lakes, Rainy River District, 
Ontario, is a large series of pre-Cambrian sediments bordered on the north 
by basic voleanics and striking west to Rainy Lake. Various geologists have 
assigned these a stratigraphic position both below the Keewatin, as “Cout- 
chiching,” and above the Keewatin, as “Seine.” This paper deals with the 
structure of the sediments along the Keewatin contact. Evidence, based on 
minor structures in the sediments and the major structures of the area, is 
presented to show that the contact has suffered faulting of the shear type, 
and that the apparent dip of the sediments under the Keewatin is not definite 
proof of their age. The larger structures, involving faults and discordant 
folding of the disputed sediments and the Steep Rock Lake sediments near by, 


1 Introduced by E. O. Ulrich. 
“Introduced by E, Bruce. 
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are interpreted as due to one period of diastrophism related to the intrusion 
of Algoman granites. The data given favor a “Seine” age for the sedi- 
ments, but since areal mapping is incomplete, the question is left open. 


Read by title. 


PHYSIOGRAPHY OF CUBA 
BY ERWIN J. RAISZ* 
(Abstract) 


The author was commissioned in the summer 1929 by Professor Salvador 
Massip of the University of Havana to prepare a large scale block diagram 
of Cuba, with aid of the topographic maps and other available information, 
During the preparation of this diagram it was found by interpreting topo- 
graphical maps that the structure of Cuba does not seem to be an east-west 
anticline as the geological map of Castro and Legarra would imply, but that 
it consists of a series of anticlines and syneclines in an en echelon arrange- 
ment. These folds flatten out at their western ends where they reach the 
south shore of the island, but the eastern ends dip down sharply and produce 
semicircular valleys when beveled by peneplanation. This type of valley is 
found at Mariel, Matanzas, west of Moron at Banes and probably at Baracoa. 

To investigate this and other problems a party consisting of Professor and 
Mrs. Massip, Professor Meyerhoff and the author, spent part of last winter in 
Cuba, with the generous aid of the Cuban Government and the University 
of Havana. On account of the short time the field work is not yet finished, 
but as far as it went the echelon theory was found to be generally true, but 
the Tertiary cover of the island is even more closely and complexly folded 
than the topographic maps have suggested. 

Other diagrams—-prepared by the author--show the geologicil history of 
Cuba in its various stages, the profiles of the submerged platform of Cuba, 
the divide of Cuba, development of harbors by alternative theories, and the 
physiographie divisions. 

There was considerable discussion about the steep submarine walls of 
the platform of Cuba. Are they a result of faulting or could folding alone 
produce them? It is convincingly shown on the cross-section of Cuba where 
vertical exaggeration is omitted, that the amount of folding shown by the 
Tertiary rocks of Cuba is more than sufficient to form tbis wall. 


Read by title. 
GRABENS, RIFT AND RAMP VALLEYS 
BY FREDERICK G. CLAPP 
(Abstract) 


The tectonic end other conditions prevailing in certain grabens studied 
by the writer in China, Palestine-Transjordania, France and Germany are 
reviewed from the comparative standpoint. Evidence is presented, where 
it exists, of whether the grabens are rift or ramp valleys. The character 
of the bounding faults is discussed. The accompanying voleanie activities 


1.ntroduced by Douglas W. Johnson. 
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are considered in the bearing on the origin of the valleys and the nature 
and position of their deposits. The mineral resources, and especially the 
occurrence of petroleum in certain of the valleys, are discussed. The main 
features common to all valleys of this type are stressed, and attention is 
called to their importance in the broad question of continental tectonics. 


Read by title. 


INTRUSIVE DIKES IN BASALT FROM NEW JERSEY 


BY A. C. HAWKINS? 


(Abstract) 


At Pine Brook, Morris County, New Jersey, narrow basaltic dikes have been 
observed in the basalt of Third Mountain (Hook Mountain). 

The dikes are one-quarter to one-half inch wide and are vertical or nearly so, 
with numerous irregularities. They weather to a greenish color (greenstones). 
The coarse basalt into which they are intruded weathers brown. 

The typical basalt of Hook Mountain shows, upon petrographic examina- 
tion, labradorite laths, pyroxene, hypersthene and olivine (interstitial), and 
magnetite. 

The dikes are exceedingly fine grained, with a groundmass evidently com- 
posed mostly of tiny equidimensional grains of pyroxene. In this groundmass 
are embedded numerous grains of labradorite, olivine, pyroxene, etcetera, 
angular and fractured. The boundaries of the dike are not well defined, por- 
tions of the surrounding basalt having been invaded and torn off by the in- 
truding dike. 

It has been suggested by Dr. H. B. Kiimmel, State Geologist, that the dikes 
represent liquid material which was either (a) thrust upward through the 
partially hardened crust of the lava flow by the movement of the still liquid 
interior, or (b) liquid material intruded downward from a later lava flow 
into the cracks of the partially cooled lava beneath. 

From the petrographic examination it appears that the dikes may well 
have penetrated the earlier basalt while the latter was still soft; and thus 
it seems likely that one or the other of the above-mentioned hypotheses is 
correct. 


Read by title. 


JURASSIC-TRIASSIC CONTACT IN WESTERN WYOMING 
BY E. B. BRANSON 
(Abstract) 


The recent tendency on the part of a few geologists to include nearly half 
of the Chugwater in the Jurassic makes the tracing of a decided unconformity 
near the top of the Chugwater of importance. The writer has examined this 
unconformity in six places located in a large area. It consists of weathered 
red sandstone overlain by Sundance limestone. The Sundance limestone bears 
Jurassic fossils and the “red beds” below the unconformity are unfossiliferous. 


1 Introduced by Charles P. Berkey. 
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Above the unconformity are one, in some places two, red sandstone members 
ranging up to 15 feet in thickness 


Read by title. 


PRODUCTIDAE OF THE BASAL MISSISSIPPIAN IN MISSOURI 
BY Ek. B. BRANSON 
(Abstract) 

The Sylamore sandstone lies at the base of the Mississippian in much of 
Missouri. In the Sylamore sea Productus and Avonia developed or immigrated 
from some other region. In the Chouteau limestone a few feet above the 
Sylamore 14 species of the genera Productus, Avonia, and Pustula developed. 
Some unique structures appeared in the Sylamore species. 

The Louisiana limestone of northeastern Missouri had only the genus 
Productella, but a spreading of the seas from the Chouteau region allowed 
the other genera to migrate to that region while the Hannibal sandstone was 
being deposited. 

Read by title. 

RESOLUTION OF THANKS 

The following resolution of thanks was read by Prof. F. K. Morris, 
in the absence of the members of the Committee on Resolution, and 
unanimously adopted: 

The Geological Society of America desires to place on record its thanks 
to those who have contributed to this, one of the largest and most 
profitable of its meetings— 

To its hosts, the Geological Society of Washington, and the Pick and 
Hammer Club; to the chairman and members of the Local Committee 
on Arrangements, whose indefatigable work has contributed so largely 
to the success of the meetings; to the Committee on Entertainment for 
its musical program and genial and skillful impersonations of some of 
the Society’s popular members; to the National Museum for courtesies 
in connection with the presidential address and smoker; and to the 
National Geographic Society for its entertainment at luncheon and 
excursion at the close of the session. 

Nevin M. FENNEMAN, 
Henry B. KUMMEL, 
Committee. 


President Ries then announced that the business, the scientific ses- 
sions, and other activities of the annual meting of 1929 had been com- 
pleted, and on motion the forty-second annual meeting adjourned at 
12:35 P. M. 


CHARLES P. BERKEY, 
Secretary. 
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SESSIONS OF APRIL 12 AND 13 


The twenty-eighth annual meeting of the Cordilleran Section of the 
Geological Society of America was held at Stanford University, Cali- 
fornia, on Friday and Saturday, April 12 and 13, 1929. 


ELECTION OF OFFICERS 


A business meeting and luncheon was held at Stanford Union, with 
nineteen Fellows of the Society in attendance. A Nominating Commit- 
tee appointed by the Chairman, Bruce L. Clack, proposed the following 
officers for the year 1930: 


Chairman, T. WAYLAND VAUGHAN. 
Secretary, W. CHANEY. 
Councilor, BLACKWELDER. 


The nominees were subsequently elected in a mail ballot conducted by 
the Secretary. 
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TITLES AND ABSTRACTS OF PAPERS 


The first session of the meetings was called to order by Chairman 
Bruce L. Clark at 10 A. M. on April 12. A second session was held 
on the afternoon of the same day and two sessions were held on April 13. 


The following papers were presented in the order indicated: 


STRATIGRAPHY AND STRUCTURE OF A PORTION OF THE EASTERN 
ESCARPMENT OF THE SIERRA NEVADA 
BY EVANS B. MAYO! 
(Abstract) 


Along a portion of the eastern escarpment of the Sierra Nevada, about thirty 
miles south of Mono Lake, a section of metamorphic rocks at least 35,000 feet 
thick has been measured and tentatively divided into six formations. Neither 
the top nor the bottom of the series has been found. These metamorphic 
rocks have been intruded by irregular granitic apophyses, stocks, and dikes 
that are probably outlying portions of the Sierra Nevada batholith. The 
paper to be presented deals with the stratigraphy and structure in this area. 


This paper was discussed by Mr. Blackwelder. 


SPECIFIC EVIDENCE OF DEFLATION IN DESERTS 
BY ELIOT BLACKWELDER 
(Abstract) 


Deflation, or the removal of dust and sand by the wind, has long been 
recognized as an important process in arid regions, but it is far from being 
well understood. Some geologists ascribe to it the major features of the 
desert. Others regard it as a minor or even trivial process. This divergence 
of opinion is largely due to the fact that the various effects of the process 
have not been adequately described and explained. In this paper specific 
evidence is presented from southeastern California showing: (a) That cer- 
tain ancient lake deposits have been lowered by excavation at least 12 feet 
although situated in the lowest part of an undrained basin; (b) that the 
widespread gravel pavements of the desert and the large quantities of 
drifted eolian sand are the relict portions of much more voluminous mud- 
flow and alluvial materials from which the predominant finer portion has 
been entirely blown away, and (c) that playas normally lose by deflation 
more than they receive by current floods. 


Discussion by Messrs. Miller, Jones, Matthew, W. D. Smith, and the ee 
author. 


1Introduced by Ellot Blackwelder. 


X—-BULL. Soc. AM., Vou. 41, 1980 


4 


146 PROCEEDINGS OF THE CORDILLERAN SECTION 


IDRIA BARTHQUANE OF MARCH 13, 1929 
BY V. C. STECHSCHULTE ! 
(Abstract) 

This will comprise a determination of the epicenter of a slight shock in the 
Idria region on March 13, 1929, and an interpretation of the seismographic 
records under the assumptions of Mohorovicic and of Jeffries in regard to the 
surface layers of the earth. 


This paper was discussed by Mr. Tolman. 


GEOLOGY OF THE NIPOMO QUADRANGLE, SAN LUIS OBISPO AND SANTA 
BARBARA COUNTIES, CALIFORNIA 


BY N. L. TALIAFERRO * 
(Abstract) 


The Nipomo Quadrangle, in the western part of central Coast Ranges, con- 
tains rocks of Franciscan, Cretaceous, Miocene, Pliocene, and Quaternary 
ages. The Franciscan, which occurs in three widely separated areas, consists 
of the usual assemblage of sedimentary, igneous, and metamorphic rocks. 
The Cretaceous is represented by over 20,000 feet of sediments, chiefly of 
Chico age. 

The earliest Tertiary is the Sespe, a continental series of upper Oligocene, 
or lower Miocene age. There was a gradual encroachment of the sea from 
the southwest and an uninterrupted series of marine sediments of lower, 
middle, and upper Miocene and lower Pliocene age were laid down. 

Dacitic and andesitic submarine flows and explosions occurred in the lower 
and middle Miocene. Dikes and sills of dacite. pyroxene and andesite and anal- 
cite diabase were intruded into the middle Miocene. 

Two important zones of faulting extend through the area: movements 
along these faults were largely horizontal. 


Discussion by Mr. Schenck and the author. 


FRAZIER MOUNTAIN, A CRYSTALLINE OVERTHRUST SLAB, WEST OF TEJON 
PASS, SOUTHERN CALIFORNIA 


BY J, P. BUWALDA, C. L. GAZIN, AND J. ©, SUTHERLAND 
(Abstract) 


In the progress of the mapping of the Tejon Quadrangle, a rather unique 
structural feature was encountered by the California Institute summer field 
class, 

Frazier Mountain, stretching westward from Tejon Pass, has an altitude 
of over 8,000 feet: and, with bold faces on all sides, rises from 2,000 to 4,000 
feet above the surrounding country. It is strikingly flat-topped. The moun- 
tain is made of pre-Cretaceous crystalline rocks, mainly gneiss, schist. and 
intrusives. The San Andreas fault bounds it on the north. 


1 Introduced by R. W. Chaney. 
2 Introduced by G. Louderback. 
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Thick, continental, sedimentary formations, folded and faulted, of Miocene 
and possibly Pliocene age, border the mountain on the northwest, west, 
south and east. The contact between the crystalline rocks above and the 
sedimentary formation below practically parallels the contours, but rises 
gradually from the 5,000-foot contour at the eastern end of the mountain to 
the 6,000 foot-contour at the western end. This trace indicates a nearly 
horizontal overthrust, an inference which is verified by @xposures of the flat 
thrust surface at certain points in bluffs on the south and west faces of the 
mountain. Further, a narrow tongue of gneiss, overlying Tertiary sediments, 
reaches southward from the south face for about one mile. It indicates 
notable recession of adjoining parts of the margin of the overthrust mass, 
presumably by sapping. 

Frazier Mountain is a slab of crystalline rocks about eight miles in east- 
west length, over four miles in width, and about one-half mile in thickness, 
Like certain peaks in the Alps, it may be a mountain without roots. 

A minimum measure, positively determined, of the distance through which 
the mass has ridden forward is one and one-quarter miles; it may well be 
that the minimum distance is the width of the block, somewhat over four 
miles, 

While the origin and mechanics of development of this overthrust slab are 
not yet fully understood, it is presumably not a coincidence that it lies in the 
concavity of one of the most acute curves of the San Andreas fault. 


Lantern slides. 


SUGGESTIONS REGARDING THE AGE OF THE SOUTHERN CASCADE RANGE 
BY RALPH W. CHANEY 
(Abstract) 


The Tertiary section near Ashland, Oregon, Closely resembles that of the 
northern Great Basin. A lower tuffaceous series containing a flora tenta- 
tively referred to the Clarno is overlain by volcanic sediments in which a 
typical Bridge Creek flora, of upper Oligocene age, has been found. Above 
is a volcanic series in which basalt flows are predominant, which appears to 
extend continuously eastward and north along the east flank of the Cascades, 
and which is to be correlated with the Columbia lava. <At the top of the 
section is a series of fine voleanic shales, impregnated with oil, which contain 
a flora related to the Mascall or Middle Miocene of the Great Basin. The 
whole of this section is involved in the folding of the Caseade Range, the 
uppermost plant-bearing shales lying at an elevation of 4,500 feet. It is con- 
cluded that this portion of the range reached its present elevation not earlier 
than upper Miocene time. 

This conclusion receives support from the character of the floras concerned. 
The Oligocene and Miocene floras of the northern Great Basin indicate a 
sufliciently high rainfall to require the ready access of rain-bearing winds to 
the area now on the east side of the Cascades. The Miocene flora of the 
Ashland section is of a lowland type, and must be supposed to have been 
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elevated to its present position from a coastal plains region which formerly 
extended into the eastern part of the state. 


Discussion by Messrs. Blackwelder, Clark, and Smith. 


AGE OF THE MARINE JURASSIC OF CENTRAL OREGON 
BY RALPH L. LUPHER? 
(Abstract) 


Marine Jurassic rocks made up a large part of the extensive Mesozoic 
section recently discovered by Packard in central Oregon, south of the 
Ochoco Mountains, near Suplee and Izee. Recent field work by the writer 
has revealed the existence of this section farther to the east along the upper 
Silvies River. 

The time range of the Jurassic deposits is at least from the Middle Lias 
to the Middle Bajocian and it may extend as far as the Callovian. Fossils, 
especially ammonites, are abundant and eight horizons have been recognized. 
The earliest deposits are those of the well-known Donovan ranch locality 
near Burns, which is of Middle Jurassic (Charmouthian) age. Two distinct 
series, separated by an angular unconformity, are found in the Suplee and 
Izee area. Two horizons of the Upper Lias and three of the Lower Bajocian 
are distinguished in the lower series. Ammonites of the Sonnininze group 
are the most conspicuous fossils in the rich fauna that includes mollusks, 
brachiopods, corals, and even marine reptiles. Fossils are found only near 
the base of the upper series and they do not indicate that the unconformity 
corresponds to a long time break. Beds of the first Upper Lias horizon of 
Suplee are found on the north side of Bear Valley. The sequence of the 
Upper Suplee series is continued on the south side of Bear Valley and in 
Silvies Valley where two horizons, both in the Bajocian, are recognized in a 
sedimentary series that totals many thousands of feet in thickness. 


Discussion by Messrs. Woodring, Crickmay, and Clark. 


GEOLOGIC IMPORTANCE OF FOREST FIRES 
BY C. H. CRICKMAY ? 
(Abstract) 

Scope: Starting with Blackwelder’s recent contention for the present-day 
geological importance of forest fires in the weathering process, the question 
of forest fires in geologic time is considered. An attempt is made to dis- 
eover the frequency and distribution of natural fires. Evidence is brought 
forward to prove the occurrence of fires in geologic time. 

Conclusions: The antiquity of forest fires. The bearing of this on geologi- 
eal theory. 


Discussion by Messrs. F. M. Anderson, Tolman, W. D. Smith, R. V. 
Anderson, and the author. 


1Introduced by W. P. Woodring. 
2Introduced by W. J. Miller. 
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STRUCTURE OF THE SAN GABRIEL MOUNTAINS, CALIFORNIA 
BY MASON L. HILL 1 
(Abstract) 


Heretofore the south front of the San Gabriel Mountains, southern Cali- 
fornia, has been considered to be determined by normal faults. Part of this 
front, which appears in no way anomalous, is found to be characterized by 
reverse faults of late Pliocene or post-Pliocene age. These faults dip 30° 
to 70° northward, with the granite and gneiss of the range relatively thrust 
over the folded Tertiary sediments to the south. Folds also occur in gneiss 
and granite, explainable by a mechanism of fracture folding. The contem- 
poraneity, orientation and drag effects of the structures indicate  pre- 
dominantly nonrotational stress acting in a NNE.-SSW. direction. The 
deformation has effected both horizontal shortening of the earth's crust and 
relative elevation of the range above its surroundings. 


In the absence of the author this paper was read by Mr. A. O. Wood- 


ford. 
Discussion by Messrs. Miller, Buwalda, and Gale. 


SALT DEPOSITS FORMED IN INLAND BASINS 
BY J CLAUDE JONES 


(Abstract) 

In an attempt to explain the formation of large and ‘thick bodies of salts 
Walter long ago formulated the “Desert Hypothesis.” In a critical study of 
the problem it became evident that a factor, base exchange, just glimpsed at 
the time Walter advanced his ideas, is much more important than has been 
recognized heretofore. Many of the puzzling phenomena of desert salt 
deposits can be explained as the segregation of the salts by base exchange 
and a review of the factors inyolved in the formation of salt deposits under 
desert conditions leads to the conclusion that large, thick deposits of salt are 
rarely formed by inland waters. 


Discussion by Messrs. Tolman, Blackwelder, Jones, R. V. Anderson, 
and F. M. Anderson. 
ROCKS OF THE SOUTHWESTERN SAN GABRIEL MOUNTAINS, CALIFORNIA 
RY WILLIAM J. MILLER 
(Abstract) 


A geological map of 600 square miles, comprising the southwestern one-half 
of the San Gabriel Mountains, was presented and discussed. The forma- 
tion mapped may be listed in order of age as follows: (1) A meta-sedimentary 
series consisting of schists, quartzites, and crystalline limestones; (2) 
amphibolite, probably of igneous origin; (8) hornblendite; (4) Echo granite; 
(5) anorthosite series, including anorthosite-gabbro and titaniferous mag- 


1Introduced by A. O. Woodford. 
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nesite facies: (6) Wilson diorite: (7) Lowe grandiorite; (8) mixed rocks. 
mainly schist or amphibolite more or less intricately cut, injected, or soaked 
with Echo granite, but with local developments and admixtures of diorite 
and Lowe granodiorite—usually more or less banded; (9) Wilson diorite, cut 
irregularly and usually sharply by many dikes of Lowe granodiorite; (10) 
porphyrite dikes; (11) diabase dikes, probably of Tertiary age; (12) Ter- 
tiary lava; (13) Tertiary strata; and (14) Quaternary deposits. 

The geologic structure of the region, including foliation, general structural 
trend, and faulting, will be discussed, as well as the problem of the ages of 
the older rocks. 

In conclusion, a summary of the geological history was presented. 


Discussion by Mr. F. M. Anderson and the author. 


GEOLOGY OF DEATH VALLEY 
BY ELIOT BLACK WELDER 
(Abstract) 


Death Valley is a narrow trench 165 to 200 miles long, flanked ou both 
sides by mountains of complex structure and varied stratigraphy. It has 
been visited casually by many geologists but has never been comprehensively 
studied. Only small areas of the district have been mapped and elaborated 
in detail. The origin and history of the valley are at best but imperfectly 
known. Nevertheless it is a region of great geologic interest and. as it is 
now fast becoming accessible, it is being visited by many geologists and others 
who concern themselyes with its origin and history. For this reason it seems 
worth while to offer a summary of the observations made by the writer in 
the course of four visits to the region and to present a tentative outline of 


the geologic history. 


Discussion by Messrs. Clark, Jones, and Buwalda. 


STRECTURAL HISTORY OF THE COALINGA DISTRICT 
BY RK. D. REED 
(Abstract) 


The complex geology of the southern Diablo Range is now sufficiently well 
known to make the region a tempting field) for structural interpretations. 
Faults, folds. overlaps, and unconformities of all varieties abound, and there 
is much room for arguinent as to the exact contribution each type of structure 
has made to the development of the range. According to the conception here 
favored, the region may best be thought of as composed of alternating anti- 
clines and synelines, seven of each, ranging from the small Sawtooth syn- 
cline at the south to the barely anticlinal Panoche Hills north of Coalinga. 
These structures differ greatly in detail, and some of them have not commonly 
been recognized as folds at all, Orchard Peak, for example. is dominantly 
monoclinal. The faulted axis with its serpentine core is located near the 
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southwest edge of the mountain mass, and the southwest flank is faulted and 
inconspicuous. Juniper Ridge is also a north-dipping monocline with a 
faulted axis on the steep southwest slope and an abortive southwest flank. 
Both of these structures may be considered to be anticlines which have been 
overturned and slightly thrust-faulted toward the southwest. Most of the 
other anticlines are more regular than these two, but in details all are strike 
ingly complex and irregular. Two or three are overturned and thrust-faultedd 
toward the northeast. <All of them plunge, with or without interruptions, 
toward the southeast: however, nearly all show cores of Franciscan rock 
in a part of their extent, and most of them pass into thrust faults toward the 
northwest. 

There is good evidence to prove that some of these great anticlines existed 
as low ridges in a part of their present extent at least as early as Eocene 
time, Their varying rates of growth, with occasional partial or total pene- 
planations and submergences, account satisfactorily for the irregular dis- 
tribution of the difference Tertiary formations. Except the San Andreas, all 
the faults in the district appear to be of secondary character and importance, 
and of late development. The Waltham Canyon fault, for example, has no 
existence except northwestward from Curry Mountain (near the west en] 
of Reef Ridge), and is there simply a feature of the late Tertiary development 
of the Junior Ridge anticline. As a matter of fact, the data now in hand 
as the result of very detailed and careful mapping over much of the Coalinga- 
Parkfield district seems to be totally inconsistent with all fault-block lhy- 
potheses hitherto suggested. 


Discussion by Messrs. Schenck, Tolman, Buwalda, Clark, and = the 


author. 


TECTONICS AND PALEOGEOGRALHY OF THE SAN RAMON BASIN 
BY BRUCE L. CLARK 
(Abstract) 


The San Ramon Basin, as here defined, is the area of Cretaceous anid 
Tertiary rocks east of the San Francisco Bay block and the Haywards fault 
zone, It is cut into a series of blocks by primary faults, all of which are 
older than the late or post-Tertiary folding, most of them being pre-Cretaceous 
in age. 

During the Cretaceous and Tertiary periods the area was a complex fault 
trough, the floor of which was formed of blocks that stood at different eleva- 
tions, the elevations changing as the blocks rose or sank with the result that 
each block had a different depositional history. 

The folding in the basin took place in either the Pliocene or early Pleisto- 
cene time after the deposition of the Siestan formation (middle Pliocene). 
and, according to the writer’s interpretation, was brought about largely by 
drag along the fault zones at the time of the Pliocene-Pleistocene compression. 


This paper was discussed by Mr. Reed. 
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GEOLOGY AND ORE DEPOSITS OF A PART OF THE PANAMINT RANGE, INYO 
COUNTY, CALIFORNIA 
BY F. MAC MURPHY? 
(Abstract) 


The Panamint Range is a normal basin-range tilted fault-block, uplifted 
probably in Tertiarf time and rejuvenated by very complex recent faulting 
on the west. This great block is approximately 100 miles long, but the area 
covered by the reconnaissance geologic map embraces a tract of country in 
the southern portion of the range about 25 miles from north to south. The 
range occupies a commanding position, forming the west wall of Death Valley 
almost throughout its entire length and the east wall of the somewhat 
smaller, but very similar, Panamint Valley. The rocks consist of a great 
thickness of undifferentiated metamorphic complex, embracing schists, 
gneisses, and marble, predominately of sedimentary origin, injected by 
granitic rocks and cut by diabase dikes. These are overlain by less highly 
metamorphosed slaty schists and dolomitic limestones, separated by a non- 
conformity from a succession of rocks consisting largely of limestones, 
dolomites, and schists. The age of the rocks is unknown, but is believed to 
range from pre-Cambrian to lower Paleozoic. Structure within the range 
is not entirely clear and that of certain rock masses is indeterminable. The 
older rocks on the west slope show a westward dip of the foliation, while the 
younger rocks forming the crest of the range dip gently eastward. <A general 
lenticular character of the older rocks is characteristic and, in general, fold- 
ing is of major importance. Deposits of gold, lead and antimony occur in 
various places in the range, but the silver-bearing quartz veins in the Pana- 
mint district are of chief interest. The latter occur principally in limestone, 
but also in schist, and are strong fissure veins of Mesozoic age. 


Discussed by Messrs. Miller, Donné, and the author. 


IMPORTANCE OF SULPHIDE METASOMATIC REPLACEMENT IN CERTAIN 
TYPES OF ORE DEPOSITS 
BY JAMES RAY” 
(Abstract) 


The author describes and illustrates criteria of metasomatic replacement 
of earlier minerals by copper sulphides and the sulphosalts of copper. He 
considers the tendency of certain minerals to take definite crystalline form 
and in so doing how they modify the form of earlier minerals which they 
replace. 

Inherited structures, etch patterns, internal structure of minerals, the 
shape of residual minerals and the mode of attack of replacing minerals are 
used by the author in arriving at his conclusions that some ores of compli- 
eated mineral association result from a series of metasomatic replacements 


by mineralizing solutions. 


1Introduced by J. P. Buwalda. 
2Introduced by Eliot Blackwelder. 
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It is shown that in the Butte district, Montana, enargite replaces quartz 
and pyrite; bornite replaces enargite, calcite, sphalerite, and other minerals; 
covellite replaces pyrite, tetrahedrite, enargite, bornite and chalcocite, and that 
ehalcocite replaces enargite, bornite, covellite, and many other minerals; that 
there are two ages of deep-seated chalcocite separated by the deposition of 
covellite; and many other sulphide replacements. 

The author points out that, if metasomatic replacement has been important 
in the development of the deep-seated Butte ores, it is probable that this process 
has played its part in the development of other deposits and draws attention 
to the fallacy of interpreting so-called ‘mutual boundaries” as a positive 
criterion for contemporaneous deposition of the minerals so associated. 


Discussion by Messrs. Donné, Tolman, Rogers, W. H. Grant, and the 
author. 


SODA-ANTHOPHYLLITE ASBESTUS FROM TRINITY COUNTY, CALIFORNIA 
BY A. 0. WOODFORD AND J. D. LAUDERMILK 
(Abstract) 


Serpentine near Carrville, Trinity County, California, contains asbestus 
veins which optical study and chemical analysis show to be soda-anthophyllite. 


Discussed by Messrs. Rogers, Tolman, and the author. 


PETROLOGIC STUDY OF THE SANDSTONE AT THE NEVADA STATE PRISON 
BY WARREN 0. THOMPSON + 
(Abstract) 
The Carson Prison sandstone is lithified by an unusual cement, stilbife; it 
lies in the immediate vicinity of hot springs, both active and extinct; it is 
similar in materials and texture to aeolian sands now found in the area. 


These and other facts suggest that the prison rock is formed by aeolian and 
in part alluvial deposition in a restricted area of silicated hot springs. 


Discussed by Messrs. W. S. T. Smith, Engel, Jones, and the author. 


OREGON SHORELINE: A REPORT OF PROGRESS 
BY W. D. SMITH 


(Abstract) 


The main features along the Oregon coast appear to be due largely to 
erosion during a former cycle, when the coast was submerged. Superimposed 
upon these features we find those due to emergence, so that we can say that 
we have the features of both retrograding and prograding coast. Some of 
the more striking of these features will be shown by means of lantern slides. 


1 Introduced by W. S. Tangier Smith. 
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RELATIONS BETWEEN GEOLOGIC PROBLEMS AND THE RADIOACTIVITY OF 
ROCKS AND WATERS 


BY RENE ENGEL AND J. LLOYD BOHN ! 
(Abstract) 


This investigation includes radioactivity measurements on the rocks and 
waters of Pasadena and of several localities in southern California, which 
bear upon the problem of the redistribution of radioactivity in the earth's 
crust. The results obtained point toward the presence of increased radio- 
activity along faults, and this method of investigation is applied to the map- 
ping of the concealed extension of a fault in the Pasadena water basin. 


Discussed by Messrs. Jones, Reed. and Engel. 


STRIATED BOULDERS AS EVIDENCE OF GLACIAL ACTION 
BY ELIOT BLACKWELDER 
(Abstract) 


When «a glacial origin is suggested for an ancient sedimentary deposit. 
many geologists require that fascetted and striated stones be found in it 
before they will accept it as glacial. This attitude implies a belief that such 
forms and scratches constitute a decisive criterion. In view of this attitude 
it is important to know that boulders indistinguishable from those of glacial 
origin have been found in situation where there seems to be scarcely an) 
possibility of such action having occurred. It is probable that in these cases 
the stones have been shaped and scratched by mudflow action. 

The writer has found facetted and well striated boulders in a Pliocene 
mudflow exposed in the sea cliff south of San Francisco. More recently a 
large quartzite boulder, strongly grooved in various directions so as to simu- 
late a glacial boulder closely, has been found near the bottom of Death 
Valley in a region where no trace of glaciation has ever been seen. It is 
suspected that in this case also the block had been abraded while involved in 
a mudflow, 


Discussed by Messrs. Smith, Grant, Jones and the author. 


SPATHIC MINERALS IN THE AGGLOMERATES AND 
S OF EAST FIFE, SCOTLAND 


ORIGIN OF CERTAIN FEL 
BASALT 


BY GEORGE A. CUMMING 
(Abstract) 

In a small area of East Fife, Scotland, over a hundred yoleanie necks 
pierce the Carboniferous sediments. The material of these necks consists 
mainly of highly basic agglomerates and tuffs which are cut by many basalt 
dikes. 

The origin of numerous xenacrysts of soda-microline, hornblende. biotite. 
and zircon in these rocks has long been problematical. 

The discovery of several blocks of alkali-syenite with constituents mineral- 
ogically identical with the xenocrysts suggests a possible origin. 


lIntroduced by J. Buwalda. 
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(GE OF THE MODELO FORMATION OF THE SANTA MONICA MOUNTAINS, 
CALIFORNIA 1 
BY W. P. WOODRING 
(Abstract) 


During work carried on in the Santa Monica Mountains for the United 
States Geological Survey, H. W. Hoots discovered in detrital beds at the base 
of the Modelo formation a small fauna of echinoids and mollusks. The 
echinoids are very small primitive species of Astrodapsis, even more primitive 
than A. brewerianus. On the basis of this evidence it is concluded that these 
basal beds of the Modelo formation represent the base of the upper Miocene 
and that they are the equivalent of the Briones sandstone or are a little 
older. The mollusks represent an interesting ecologic facies, for many of 
them are rock-clingers or nest among stones. The rock-clingers include the 
first Miocene Haliotis recorded from the Pacific Coast. 

A fauna of comparable size, but of different age, has been obtained in 
Haskell Canyon in the upper Santa Clara Valley, from beds unconformably 
overlying the Mint Canyon formation and mapped by Kew as Modelo. 
Rather poorly preserved specimens of Astrodapsis from this locality closely 
resemble A. tumidus and those beds are regarded as the approximate equiva 
lent of the Cierbo group of B. L. Clark. 

A third and younger upper Miocene fauna in southern California is repre 
sented by material collected by T. L. Bailey west of Simi Valley near the 
Tierra Rejada, from beds mapped by Kew as Topanga. This material consists 
of an Astrodapsis like A. tumidus, but more advanced, and a “Scutella” 
similar to the notched form of “S.” gabbi. This horizon is regarded as rep- 
resenting the Santa Margarita formation. 


BOUNDARY BETWEEN THE PLIOCENE AND THE PLEISTOCENE 
BY W. D. MATTHEW 
(Abstract) 


This will be a discussion of the varying current standards employed in 
determining the lower limit of the Pleistocene in Europe and America. 


This paper was discussed by Mr. Clark. 
GEOLOGIC AGE OF EXISTING TOPOGRAPHIC FEATURES 
BY ELIOT BLACK WELDER 
(Abstract) 


The mountains, hills, valleys, plains, and other units of existing topography 
are of various geologic ages. Not many years ago it was a prevalent opinion 
that some of these features date back to the Eocene, the Cretaceous, and 
even earlier periods. The consideration of many individual instances in which 
the geologic age can be determined with some accurary leads to the conclu- 


1 Published with the permission of the Director, U. S. Geological Survey. 
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sion that such geomorphic features are almost always much younger. By far 
the greater number of them appear to be no older than Pleistocene. Some 
have apparently persisted since the Pliocene period, but none that are known 
to the writer are as old as Miocene, with the exception of a few features that 
were buried long ago and have been resurrected during the Pleistocene. In 
such cases, features that are even as old as pre-Cambrian are well known. 


Discussed by Messrs. Clark and Jones. 


VOLCANIC PLUG-DOMES OF LASSEN PEAK AND VICINITY 
BY HOWELL WILLIAMS? 
(Abstract) 

Recent volcanic activity in the Lassen region is characterized chiefly by 
the protrusion of a series of remarkable and large dacite spines or plug- 
domes, and by the eruption of the well-known quartz basalt of Cinder Cone. 
Among these plug-domes are the Chaos Crags, White, Morgan and Bumpass 
Mountains, Eagle Peak, part of Divide Peak, and Lassen Peak itself. The 
Divide Peak dome was erupted through the flank of an augite andesite cone; 
the other domes are scattered on the flanks of a great, ruined, hypersthene 
andesite voleano, of which Brokeoff Mountain is the most conspicuous rem- 
nant. 

The protrusion of the domes was probably a rapid process, comparable 
with that of the domes of Mont Pelée (1902), Tarumai, Japan (1909), 
Novarupta, Alaska (1912), Santa Maria, Guatemala (1922-1925) and Fouqué 
Kameni, Santorin (1925). Some of the Lassen domes appear to be of 
endogenous growth, like the trachyte domes described by Daly from Ascen- 
sion Island, and have a concentric structure (Zwiebelstruktur). Others, as 
Lassen Peak, are almost entirely devoid of structure, and one of them is 
vertically banded throughout an area of nearly a square mile. Those domes 
seem to have risen as virtually solid masses, propelled upward by the pres- 
sure of ascending magma and by the vapor tension consequent upon its crys- 
tallization. Their upper surfaces are largely covered by chaotic piles of 
loose, angular blocks. Some of the protrusions were preceded by violent 
pyroclastic eruptions, but Lassen Peak itself rose from a crater that had pre- 
viously poured out several flows of banded, fluid dacite. One of the domes 
suffered a partial collapse after emplacement, owing to steam exposions at 
its base, and the upheaval of Lassen Peak was attended by many such 
explosions, resulting in wide mudflows. 

Attention is directed to the enormous size of many of the domes, Lassen 
Peak for example, having a volume of more than half a cubic mile. 

Concerning their petrography: White Mountain dome is composed of a 
glassy andesite. The other domes consist of glassy dacite, both pyroxene 
and hornblende-mica varieties, and all are abnormally rich in basic, hornblende 
secretions. 

The 1914-15 eruptions of Lassen Peak will be discussed in the light of these 
discoveries. 


Discussed by Mr. Blackwelder and the author. 


1 Introduced by B. L. Clark. 
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IONE FORMATION OF THE REDDING DISTRICT 
BY R. DANA RUSSELL AND N. E. A. HINDS! 
(Abstract) 


The Ione formation of the Redding Quadrangle, as defined by Diller, con- 
sists of slightly consolidated gravels, sands, and clays, with local coal seams. 
Fossil leaves indicate a probable Miocene age, while the type Ione along 
the eastern border of the Sacramento Valley has been definitely shown to be 
Eocene. 

A series of rhyolite pumice tuffs with sedimentary admixtures lying above 
Diller’s Ione were included by him in the Tuscan Tuff. On the basis of field 
data collected in the Redding district, these rhyolite beds are assigned to the 
same period as the underlying clays, sands, and gravels, and the formation 
is tentatively correlated with the Rhyolitic Series of the Sierra Nevada. The 
age of the overlying Tuscan Tuff has not been definitely established, but it 
may be equivalent to that of the Sierran andesites. 


QUARTZ-BASALT ERUPTIONS OF CINDER CONE AND VICINITY, CALIFORNIA 
BY R. H. FINCH AND C, A. ANDERSON 1 


(Abstract) 


Cinder Cone, located 10 miles northeast of Mount Lassen, is of interest 
because of the recency of its eruptions and character of its lava. It appears 
that there are three or more flows from Cinder Cone instead of two as 
postulated by Diller, two or more being erupted since the deposition of 
cinders on the earlier flow. Historical evidence indicates that the last flow 
took place about 1851. The color pattern of the lavas indicates two or more 
post-cinder flows. This is also suggested by differences in magnetic declina- 
tions estimated by Mr. A. E. Jones. Diller considered that the cinder cones 
in the southern part of the lava field were due to the explosion of lava upon 
entering water; our observations suggest rather that they originated from 
underlying fissures. The quartz basalt is characterized by the presence of 
inclusions of white pumiceous material composed of quartz, sanidine, oligo- 
clase, and glass. Aggregates of quartz Crystals up to 3 inches in diameter as 
well as individual sanidine crystal 114 inches long are found. 


This paper was discussed by Mr. Williams. 
IGNEOUS GEOLOGY OF THE SOUTHERN KLAMATH MOUNTAINS, CALIFORNIA 


BY NORMAN E. A. HINDS 


(Abstract) 


In the southern Klamath Mountains is an extensive and exceedingly well- 
preserved section of the formations involved in the Sierra Nevada orogeny. 
In practically every division of this sequence eruptive rocks are present. 


1Introduced by B. L. Clark. 
1 Introduced by R. W. Chaney. 
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Pleistocene and Recent lavas from the Shastan and Lassen volcanic 


areas. Pyroxene andesites and basalts. 


Pliocene (7). 


Tuscan formation—andesitic and basaltic tuffs and agglomerates. 


Oceasional interbeds of rhyolitic pyroclasties. 
Miocene (7%). 


Rhyolitic pyroclastics and sediments. 


. Cretaceous. 


No record of volcanic activity. 
Jurassic. 
a. Sierra-Nevadan intrusites. 
(1). Hypabyssal bodies. 
(a). Chonoliths of alaskite porphyry. 


Volcanic sediments. 


(b). Dikes and sills of quartz porphyry, andesite and basalt 


porphyry, diabase, lamprophyre, and other less com- 


mon rock types. 
(2). Plutonic bodies. 


a, Stocks, bosses. and dikes of granodiorite, quartz horn- 


blende diorite, quartz augite diorite, diorite, gabbro. 
Aplite and pegmatite dikes associated with the larger 


subjacent masses. 
b. Pre-Sierran volvanics. 
(3). Potem andesitic pyroclastics and sediments. 
(2). 


(1). Modim andesitic pyroclastics and sediments. 


jagley andesitic flows and pyroclastics. 


. Triassic. 
b. Pit slates—partly tuffaceous. Interbedded andesite flows at the 
base. 
a, Dakkas plateau pyrexene andesites and basalts. Interbedded 


pyroclastics. 


lermian. 


Nosoni basaltic and andesitic flows, pryoclastics, and sediments. 


Carboniferous. 
b. Pennsylvanian—no record of igneous activity. 
1. Mississippian. 
(2). Baird rhyolitic pyroclastics and sediments. 
(1). Mass Mountain basalt flows and pyroclasties, 


= 


Devonian. 

No record of igneous activity in the mid-Devonian Kennett 
Pre-middle Devonian (pre-Kennett). 

Copley metabasic¢ plateau flows and pyroclasties. 


1. Pre-Copley, probably pre-Silurian. 


formation, 


(a). Salmon hornblende achist (metamorphosed basic intrusives and 


eXxtrusives ). 


(b). Gneissoid granite dikes intrusive into the Salmon and under- 


lying Abrams schists. 
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Eruptive rocks of unknown age. 
2. Serpentinized basic and ultra-basic intrusives. 
1. Small stocks, bosses, and dikes of diorite and gabbro intrusive into 
Mississippian and earlier formations. 


Discussed by Mr. Williams and the author. 


ANNUAL DINNER 
The annual dinner was held under the auspices of the LeConte Club, 
on Friday evening, at Stanford Union. More than 60 Fellows and guests 
attended the dinner, which was followed by an illustrated talk by Dr. 
A. O. Woodford on “The geography and structure of the Alps.” 
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JOINT SESSIONS OF SECTION E AND TILE GEOLOGICAL SOCIETY OF 
AMERICA 


The American Association for the Advancement of Science met at 
Des Moines, Iowa, on December 27, 1929, to January 2, 1930. Sessions 
of Section EK were held on Monday and Tuesday, December 29 and 30, 
in the auditorium of the Des Moines Y. M. C. A. George F. Kay, 
Vice-President of the American Association for Section E, presided 
The retiring chairman was Frank Leverett. His address, entitled 
“Problems of the glacialist,” was read Monday afternoon and has since 
been published in full in Science. The papers presented in the four 
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scientific sessions during the forenoon and afternoon of these two days 
dealt with the stratigraphy and paleontology of the Mississippi Valley 
and with the physiographic development or glacial history of various 
portions of the Northern States. 

On Monday afternoon a public lecture, entitled “Earthquakes and 
what they tell us,” was delivered in the Shrine Temple auditorium by 
Dr. J. B. Macelwane. This lecture was illustrated in part by the 
motion-picture film on earthquakes recently produced by Pathé Exchange 
in cooperation with the Department of Geology of Harvard University. 

Monday evening a dinner for geologists and geographers was held 
in Younkers Tea Room and was attended by approximately fifty guests, 
(ieorge F, Kay was toastmaster and brief addresses were made by E. H 
Barbour, Frank Leverett, Kirtley F. Mather, James T. Lees, and others. 
Tuesday evening George F. Kay delivered a popular lecture in the 
Shrine Temple auditorium, entitled “Glaciation: the background of the 
development of the Mississippi valley.” 

The following papers were read or presented by title at the scientific 


sessions. 
SESSION OF DECEMBER 30, 1929 


TITLES AND ABSTRACTS OF PAPERS 
GEOLOGICAL HISTORY ILLUSTRATED BY ACTUAL MATERIALS 
BY A. R. CROOK 
(Abstract) 


In the Illinois State Museum instead of presenting historical geology by 
diagrams and photographs alone, as is often done, an attempt has been made 
to show the major events of world history by using actual rocks and fossils 
in their proper sequence. This is more attractive and cunvinecing than are 
drawings to thousands of visitors. 

Against a board panel 20 feet high and 20 feet wide covered with 
black cloth is erected a rock column one foot wide consisting of typical rocks 
from interesting localities and showing 60 formations with Archean at 
the column and then some sponges, corals, and other invertebrates in order, 
hundred. At the left of the column, in white letters, are given the names of 
the systems, the kind of rock, the thickness, and the years represented. At 
the right are fossils most typical for each system. Fossil plants are nearest 
the column and then come sponges, corals and other invertebrates in order, 
followed by the vertebrates. The first appearance of great groups is empha- 
sized as well as the period of maximum development. 

In the hope of presenting as reliable a picture as possible, careful study 
was made of the conclusion reached by the U. 8S. Geological Survey by many 
members of the Geological Society of America, as well as by outstanding 
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students of these subjects in England, France, Germany, Russia, India, and 
Australia. As a result of an extended study of these various sources it is 
assumed that 400,000 feet represent the thickness of the known rock forma- 
tions and 1,260,000,000 years represent the time element. 


PEAT AS A CLIMATIC INDICATOR 
BY ALBERT W. GILES 
(Abstract) 


The conditions favorable for peat formation are rapid and luxuriant plant 
growth, numerous depressions, or flat, poorly drained areas, abundant 
(though not excessive) and well-distributed rainfall, high humidity, low 
evaporation, cool to moderate temperature, and alkaline-free swamp waters, 
These conditions are present in all climatic zones. Tropical peat deposits 
are thin and impure, and widely separated geographically. The high tem- 
perature of tropical regions favors rapid bacterial action and chemical 
decay, resulting in slow peat accumulation with consequent large admixture 
of aqueous and eolian sediment. The alkalinity of surface waters in large 
areas of the tropics is also a factor inimical to peat accumulation. The 
great areas of peat, estimated to contain possibly more than 90 per cent of 
the peat resources of the world, are found in cool temperate regions, Russia, 
Finland, Canada, Sweden, and United States leading in order named. Peat 
also forms rapidly in polar regions where precipitation is sufficient, and 
summer temperatures high enough for plant growth. The accumulations of 
polar regions appear to be more extensive than tropical peat accumulations. 
A study of numerous analyses of North American peat indicates that the 
Canadian peats average higher in calorific value and lower in ash than the 
pests of United States. This difference is attributed mainly to the lower 
temperatures of Canada. 

Since the coals of various ranks represent former peat deposits metamor- 
phosed, a survey of the general distribution of coals of the world was made. 
It was found that two-thirds of the coal resources of the world lie north of 
the parallel of 35° north in North America. Europe possesses one-tenth of the 
coal resources of the world, nine-tenths of which are found in the northern 
part of the continent. Asia possesses about one-sixth of the coal of the world, 
of which nearly three-fourths are found in northern China and Siberia, 
Africa, South America, and Australasia, lying largely in the tropics, possess 
about one-thirtieth of the coal resources of the world. 

A recast of the estimates indicates that the coal resources of all tropical 
countries are less than 2 per cent of the coal resources of the world, the 
largest part of which belongs to the Permo-Carboniferous ice age, indicating 
that the climatic conditions of this age were most favorable for peat forma- 
tion in the entire geologic history of the tropics. It was found, further, that 
more than nine-tenths of the total coal resources of the world are found 
north of 35° north latitude, and only about 3 per cent in the south temperate 
zone. 

The distribution of coals and contemporary peat deposits undoubtedly 
possesses climatic significance, and must be considered in interpreting the 
climatic conditions of the coal-forming periods. 
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PART OF SCIENCE IN OIL FINDING 


BY CHARLES N. GOULD 
(Abstract) 


Each year during the past three decades scientific investigation has had 
more and more to do with the discovery of oil and gas. At the present time 
the greater number of the larger petroleum companies employ geologists and 
other scientists, including paleontologists, petrographers, physicists, chemists, 
and engineers. A number of different methods are used by these various 
scientists in aiding the oil man. These methods may be grouped as follows: 
reconnaissance, plane table surveys, subsurface work, core-drilling, micro- 
paleontology, igneous petrography, chemical analysis of brines, geothermal 
gradients, torsion balance, seismograph, magnetometer, gravity pendulum, and 
ceramics. Other methods are now appearing above the horizon, some of 
which may prove successful, 


CONTRIBUTIONS TO THE MISSISSIPPI DELTA BY SEDIMENTS FROM 
RED RIVER 
BY VICTOR H. JONES? 


(Abstract) 


This paper is a brief preliminary report of some of tke results obtained 
during a two months’ study of Red River from Denison, Texas, to its mouth. 
In normal and high stages in the Mississippi River, the red sands and silts 
of the Red River mingle with the gray sediments carried through “Old 
River” from Mississippi River, are transported to the gulf through Ateha- 
falaya River and are added to the delta west of the mouth of Mississippi 
River. Exceptional conditions of high water in the Red River and low water 
in the Mississippi River cause a part of Red River sediment to be carried 
past the head of the Atchafalaya and to be dumped into Mississippi River 
to form part of the main delta. 


DIASTROPHIC HISTORY OF THE MISSISSIPPI VALLEY ABOVE 
GRAFTON, ILLINOIS 


BY A. C. TROWBRIDGE 
(Abstract) 


At or some time after the close of the Paleozoic era and long before the 
close of the Tertiary, the rock formations in which the valley of the Mis- 
sissippi River is cut were deformed so as to make an anticline at least 
700 feet high that crosses the river near Dresbach, Minnesota, and a syncline 
that crosses near Keokuk, Iowa. The Dresbach anticline is a major struc- 
tural feature of the upper Mississippi valley just as the Ozark uplift is of 
the lower Mississippi valley. The north dipping beds below Keokuk are a 


1Introduced by A. C. Trowbridge. 
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part of the Ozark uplift to the south. There are minor anticlinal and 
synclinal folds on both limbs of both the Dresbach anticline and the Keokuk 
synecline. On the north limb of the Dresbach anticline and on the south limb 
of the Keokuk syncline, there are normal faults some of which have dis- 
placements amounting to 300 feet or more. 

These folds are Leveled by an old erosion surface which, probably in late 
Tertiary time, was uplifted nearly 200 feet, inaugurating another cycle of 
erosion. 

In early Pleistocene (Aftonian) time, another peneplane that had been 
formed in the second erosional cycle was uplifted, this time by an amount 
of 600 feet in the Driftless Area. 

Evidence that now seems good, indicates that in late Pleistocene time 
(soon before, during, or soon after the Wisconsin stage) the surface sub- 
sided 150 to 200 feet. 

There is no evidence of repeated subsidence and uplift accompanying re- 
peated glaciation and deglaciation during the Pleistocene period. 


APPALACHIAN PENEPLANES 
BY KARL VER STEEG 
(Abstract) 


Profiles drawn along the ridge crests in eastern Pennsylvania show  pro- 
nounced slopes toward the wind and water gaps, from divides which were 
established on the Schooley (Kittatinny) peneplane, and now preserved on 
the ridges. 

A series of projected profiles, from Hammondsport, New York, to Harris- 
burg, Pennsylvania, show marked slopes of the Harrisburg peneplane toward 
the larger streams. Such slopes also occur of the Great Valley, east of Blue 
Mountain, where there are marked slopes of the Harrisburg peneplane toward 
the Delaware, Lehigh, Schuylkill, and Susquehanna rivers and their larger 
tributaries. 

Projected profiles of areas in the Allegheny and Cumberland plateau region 
in New York, western Pennsylvania, eastern Ohio and West Virginia show 
pronounced slopes of the upper peneplane (Harrisburg), represented on the 
ridge crests, toward the larger streams, such as the Tuscarawas, Beaver, 
Tioga, Chemung, West Branch of the Susquehanna, Allegheny, Monongahela, 
and others. There appear to be no such marked slopes toward the Ohio 
River, probably due to the fact that it is, at least in part, a post-glacial stream. 

The writer reaches the conclusion that all peneplanes will show on the 
ridge crests or hill tops, the long, gentle slopes toward the wind and water 
gaps or toward the stream valleys. The old (fossil) divides, which occur as 
remnants on peneplanes are frequently misinterpreted for domes or warped 
areas, which might be produced by uplift of the peneplane. 


Read by title. 


Gere 

ice 


TITLES AND ABSTRACTS OF PAPERS 167 


PROBLEMS OF THE UPPER OHIO DRAINAGE 
BY FRANK LEVERETT 
(Abstract) 


The time relation of the Tertiary peneplanation of the upper Ohio region 
to that of the Blue Grass region of Kentucky and adjacent parts of Ohio and 
Indiana is a matter requiring further study. 

The courses of preglacial drainage within the limits of glaciation are still 
but partially worked out. The shiftings from the early courses to the present 
are due only in part to the ice invasion, there being shiftings due to piracy 
and to a silting of valleys to the height of the low cols. The silting appears 
to be to some degree independent of obstruction by the ice and its cause not 
clearly determined. 

The Monongahela-Beaver drainage was shifted to the present course by 
the first invasion, but perhaps returned to the Erie basin between that and 
the TIllinoian ice invasion. Inner gorges of upper Ohio drainage in western 
lennsylvania were largely excavated in post Illinoian time, but there was 
much trenching in pre-Illinoian time as far up as the Panhandle of West 
Virginia. It is a question whether trenching in western Pennsylvania is 
due largely to uplift, or instead to an enlargement of the drainage basin. 

The early glacial gravel has a somewhat higher altitude than the Illinoian 
gravel train on the Allegheny, Beaver and Ohio, and is traceable to the 
vicinity of Wheeling, or to where southward drainage had been brought 
about by piracy. The main deposits of pre-Wisconsin drift and nearly all 
high-level gravel deposits in western Pennsylvanian are I1linoian. 

Ponded water deposits on the Monongahela and Youghiogheny are partly 
early glacial and partly Hlinoian, and seem referable to backwater produced 
by aggradation with glacial gravel at the mouth of the Monongahela. This 
slack water deposition brought about more direct courses of the streams 
across low cols. Ponding in southeastern Ohio and adjacent parts of Ken- 
tucky and West Virginia seems to have been produced by the blocking of the 
Ohio valley by the ice sheet in TIllinoian and perhaps also in early Quater- 
nary time. 


RELATION OF TEXTURE TO THE DEVELOPMENT OF POROSITY BY 
WEATHERING 
BY J. E. LAMAR 


(Abstract) 


Studies of porosity. as measured by the water absorption test on a series 
of representative samples from outcrops of Mississippian limestones in 
Illinois, indicate interesting relationships between texture and the develop- 
ment of porosity by weathering. Limestones having a coarsely granular 
structure, especially if clastic, develop a higher porosity than do the fine- 
grained or cryptocrystalline varieties, and the coarse-grained rocks may 
have a greater porosity than the fine-grained, even though the former have 
been less severely weathered than the latter. 


ib 
e 
f 
1 
t 
| 


PROCEEDINGS OF SECTION E 
OOLITIC ROCK OF SECONDARY ORIGIN 
BY CARL SWARTZLOW 


(Abstract) 


It is believed that the oolites found in the Sylamore sandstone, basal 
Mississippian, in central Boone County, Missouri, were erosion remnants 
from some pre-existing formation. They were carried and deposited simul- 
taneously with other clastic materials in the sandstone. The following signifi- 
cant features have an important bearing upon the source of the oolites. (1) The 
component sands are heterogeneous. (2) The member is cross-bedded and 
ripple-marked. (3) Oolites with different internal structures mingle. (4) 
The materials grade in size from 0.6 to 0.9 mm. (5) The limestone grains 
contain truncated oolites similar to the other oolites. (6) Hemispherical 
depressions in the limestone grains are lined with oolite shells. 4 


TECTONICS OF THE EASTERN MEXICO CORDILLERA AND THE LARAMIDE 


THRUSTS OF TRANS-PECOS TEXAS 
RY CHARLES LAURENCE BAKER 
(Abstract) 


On the Isthmus of Tehuantepec, northward from the Pacific Ocean to 
beyond the Continental Divide, Basement Complex is thrust northward 
over semimetamorphosed sediments, in part at least Paleozoic. The latter, at 
the Continental Divide, are thrust northward over red beds of unknown age 
but pre-Cretaseous. Farther north, in the salt-anhydrite cored anticlines, red 
beds, upper Jurassic, Cretaceous and Tertiary sediments up to at least the 
Pliocene are deformed. 

In the Orizaba section, between Vera Cruz and Mexico City, the Cretaceous 
beneath the voleanics is intensely folded, with eastward overthrusts. 


At Tamazunchale (Vera Cruz-Hidalgo boundary) Dr. Arnold Heim found 
intense folding and eastward overthrusting, the Liassic incompetent shales 
being intensely crumpled in complex fan-shaped folds. 

In the mountains directly west of Tampico the commonest type of struc- 
ture is that of double-recumbent fan-shaped folds, closely pressed, passing 
farther east into westward-dipping isoclines. Thrusts are associated with 
both fan-folds and isoclines; two entirely different facies of Washita and 
the Colorado group are brought into juxtaposition by the thrusts. 

Farther north, northwest of Ciudad Victoria, there are successive over- 
thrust sheets many miles in length and with as much as four miles of deter- 
minable eastward lateral displacement. At the east limit of the Cordillera 
here a double overthrust forms the great Chorrito escarpment overlooking the 
plains at its eastern base. 

Between Monterey and Torreon there is cross-folding with east-west axes 
in a relatively narrow but long province of closely-pressed folds some of 
which are fan-shaped where the crustal shortening is about one-half. To 
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the north and northeast, steep and narrow carinate anticlines form mountain 
ranges, separated by broad intermontane synclines. 

The province of thrusting enters Texas in southern Hudspeth County. 
Farther south, folding and thrusting is of the usual Appalachian type, but 
the northeastern margin exhibits low angle thrusts riding northeastward 
over subhorizontal strata of the Diablo Plateau and Van Horn dome. 

The Central Mexican Highlands exhibit closely folded Cretaceous wherever 
the voleanic covering is absent. The Pacific slope of southwestern Mexico 
(Guerrero and Oaxaca) has a metamorphic and intrusive complex, hereto- 
fore considered Archean, but now known to contain some upper Jurassic 
and Cretaceous shales. This is probably the most complex of Mexico's struc- 
tural provinces. 

The hypothesis is advanced that most of the Mexican mountain area, with 
the exception of Sonora and Lower California, is a folded and thrust province 
of acute defurmation either overthrust from the Pacific toward the Gulf of 
Mexico or underthrust in the opposite direction or the two thrust move- 
ments are combined. The possible influence of the late Jurassic-Cretaceous 
depositional geosyncline of eastern Mexico is considered and it is shown that 
the noncompetent strata, gypsums, marls and shales are the “planes of 
lubrication” over which the thrust sheets moved. 

It is thought that the real eastern structural limit of the southwestern 
North American Cordillera lies in the line of oil fields now being developed 
in the Pecos River drainage basin of eastern New Mexico and western Texas. 
If so, the easternmost foldline crosses the deepest part of the Permian geo- 
synclinal depositional basin and farther southeast enters a very deep part of 
the Cretaceous depositional geosyncline. 

Evidence for dating the deformative movements is briefly summarized. 

Subsidence-graben, caused by magma movement, are described in the Lake 
district of Jalisco. A few notes are given of the structure of Sonora and 
Lower California. 


IOWA GLACIAL VISTA 
BY CHARLES KEYES 
(Abstract) 


Des Moines is at the center of the classic area for the study of the glacial 
deposits of the Mississippi Valley. Iowa and the upper Mississippi basin are 
also in possession of the most complete Glacial succession in the whole world. 
With this great wealth of recorded observation the trend of inquiry turns now 
not so much to unearthing more till-sheets, as was the prognostication of the 
enthusiastic Calvin, as it is to ferret out the most plausible causes of periodic 
glaciations, and especially to test their astronomical relationships. 

The tripartite Wisconsin till affords unmatched opportunity. At least Iowa 
in her great ground-moraines now seems to supply ample and critical evi- 
dences in support of a cosmical hypothesis according to which the periodic 
recurrence of glaciations may be definitely initiated through the secular 
mutation of earth’s orbital eccentricity. Iowa’s outlook in this field is such 
that she may be shortly placed in the fore-front of global glacialogy. 
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MOST COMPLETE IOWA GLACIAL SUCCESSION 
BY CHARLES KEYES 
(Abstract) 


In recent extensive street-grading on Fifth avenue, Des Moines, the glacial 
tills are exceptionally well displayed. The Wisconsin and Kansan tills, with 
thick interglacial loess, constitute the main portion of the long cross-section 
At the foot of the hill, now largely obscured by heavy fill, however, there are 
present a pre-Kansan till and the separating loess; and in deep excavation 
for building exist remanants of a still older till which is known as the 
Moingona till-sheet. However, these same early tills are well exposed in the 
bluffs of the Des Moines River, near Hastie, eight miles southeast of Des 
Moines. This is the Nebraska till of later authors, but that name being pre- 
occupied in the State of Nebraska for Tertiary beds, the title of Adelphian 
till is now given it, from the name of the nearby hamlet. 


IOWA BRIDGING OF THE ICE AGES 
BY CHARLES KEYES 
(Abstract) 


McGee and Call’s now famous till sections on Capitol Hill, where the first 
substantial evidences were obtained of the duality of the Glacial epoch in 
this country, are now graded down and grassed over, and are no longer open 
to inspection. However, good identic sections are numerous in the vicinity. 
Of course the Ohio geologists had something of a notion of a dual Ice Age, 
based upon the presence of a “forest-bed” ; but, as we now known, “forest-beds” 
do not necessarily separate till-sheets but occur anywhere throughout a 
single till. McGee himself based his twofold Glacial epoch upon a “forest- 
bed” which was different in different localities, and which merely separated 
two parts of a single till-sheet which we call now the Kansan till. This is 
the real foundation of the warm controversy over the so-called Iowan till. 

It so happens that the two thick till-sheets which cover Capitol Hill are 
the youngest and the oldest but one of a succession of great Glacial till 
mantles, the intermediary sheets being absent here. 

Now the imposing bridge joins two unrivaled sections on opposite sides of 
the Court Avenue speedway. The south abutment rests upon the early till 
and the deposits beneath, while the north end of the span abuts the more re- 
cent till deposit. Figuratively the noble monument bridges the Ages of Ice. 


These three papers were read by title in the absence of the author. 


PRE-ILLINOIAN PLEISTOCENE GEOLOGY OF IOWA 
BY GEORGE F. KAY AND EARL T. APPEL 
(Abstract) 


This paper of nearly 300 pages is now being prepared for publication as a 
part of volume XXXIV of the reports of the Iowa Geological Survey. It 
represents the results of extensive field and laboratory studies in Iowa, the 
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area in which it is now conceded by students of the Pleistocene that the 
records of the glacial and interglacial stages of the Glacial Period have been 
best preserved and where the deposits, glacial and intergiacial, have been 
best studied in such detail as to permit of their satisfactory interpretation 
and classification. 

The field studies in recent years have been especially fruitful as a result 
of construction work which has made available cuts and exposures along the 
roads of the State. At the close of 1928 there were more than 15,000 miles 
of graded roads. This road work supplemented by recent werk in straighten- 
ing and regrading some of the railroad lines of the State, has revealed evi- 
dence not available previously for study. This evidence has thrown new 
light upon the characteristics and relationships of the tills, gumbotils, gravels, 
and other features of the Pleistocene of Iowa. The significance of the gum- 
botils in a real mapping is emphasized. It is shown that these gumbotils, on 
account of their distinctive characters, wide distribution, and topographic 
positions, are the most satisfactory criteria that have yet been found for 
differentiating the older drifts. Furthermore, since the gumbotils are the 
result of changes which took place in interglacial times they must be con- 
sidered in relation to the problem of the relative durations of the inter- 
Glacial epochs. 

The paper includes chapters on the Bedrock Surface of Towa, The Topogra- 
phy and Drainage of Iowa, The History of Investigations and Classifications 
of the Pleistocene Geology of Iowa, The Nebraskan Glacial Stage, The Af- 
tonian Interglacial Stage, The Kansan Glacial Stage, and The Yarmouth Inter- 
glacial Stage. The paper is illustrated by more than 60 figures and plates. 
The detailed information given in this paper about the various kinds of 
deposits which constitute the mantle materials of Iowa will furnish a basis 
for a better understanding of the characteristics, the origins, and the histories 


of the soils of Iowa. 


GROUND WATER HYDROLOGY AND PLEISTOCENE GEOLOGY OF THE PLATTE 
RIVER VALLEY AND ADJACENT AREAS IN NEBRASKA 
BY A, L. LUGN 
(Abstract) 


The present paper is a preliminary report on groundwater and geology 
of the Platte River valley and adjacent areas. The object is to obtain in- 
formation on the configuration of the water table, the direction of move- 
ment of underground water, the distribution, slope, thicknesses, and char- 
acter of water-bearing sands and gravels, and quantity of subsurface water. 

The surface of eastern Nebraska is underlain with Pleistocene deposits 
in this order from below up: subdrift or pre-Nebraskan gravel about 20 feet 
thick, Nebraskan till and gumbotil up to 100 feet thick, Kansan till and 
gumbotil up to 80 feet thick, red Loveland gravel and loess clay 0 to 30 feet 
thick, yellow loess mostly Peorian 30 to 70 feet thick. 

The Loess Plains of south central Nebraska west of the glacial drift 
covered area are underlain by thick and extensive formations of gravel, 
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sand, silt, and clay which represent the fluvio-glacial outwash from the ice 
sheets and the drift plains to the eastward and the inwash of sediment 
ladened streams from the west and northwest. These deposits are uniform 
and extensive and can be correlated with contemporaneous glacial forma- 
tions. They are also overlain by red Loveland and yellow loess clays which 
increase in total thickness westward to at least 300 feet. The Pleistocene 
deposits dip consistently to the southeast and rest on the Pliocene peneplain 
developed on Carboniferous, Cretaceous, and in the west Tertiary bedrock. 

Stream dissection has cut through the thick mantle of loess clays, also 
through the drift, to the underlying sands and gravels in the Platte River 
valley, in the Little Blue River valley, and in some of the tributaries to the 
Republican River. The Platte River is flowing on these beds of porous sand 
and gravel which effectively drain water from it and carry it underground 
southeastward to discharge much of it into the Little Blue River and the 
Republican drainage. This explains the dryness of the Platte throughout 
about 200 miles of its course through Nebraska. The porosity and great 
thickness, in places over 200 feet, of these water filled sands and gravels, 
which underlie the Loess Plains, make these deposits an inexhaustible 
reservoir of groundwater. 


SUGGESTED CAUSE OF PLEISTOCENE GLACIATION AND ITS TERMINATION 
BY D. W. LONGFELLOW 
(Abstract) 


There is abundant evidence that an immense amount of heat must have 
become suddenly available not only to melt the glaciers of the Pleistocene 
period but to substitute for the frigid climate one which, in many areas at 
least, was warmer than now. 

So far all theories attempting to explain the former presence of these great 
glaciers and their disappearance have had very little to support them. 

The present theory was not built up to explain any of these facts; it 
started merely with the conviction that the magnetic poles of the earth should 
be found on the axis of rotation and that if they are not, as is the case, 
some cataclysm must have occurred to throw them off. 

Evidences were found of a tremendous explosion which tore off part of 
the earth’s crust. The center of impact of this explosion can be definitely 
located from this evidence. 

Many facts indicates that as the mass moved outward and off to the west, 
the area to the east of the vent (the Americas) was drawn by gravity 
westwards into and about half way across the vent, opening up a crack 
which is now represented by parts of the Atlantic Ocean. 

At first the writer naturally assumed that this happened in the earliest 
days of the earth’s history, but the startling discovery was made that it 
was necessary to place the date as at the beginning of the end of the Pleisto- 
cene period to make it agree with certain facts. 

When thus placed it solves many of the problems of Pleistocene glaciation. 
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POSSIBLE EFFECTS OF CONTINUING DENSITY-SEGREGATION ON 
CONTINENTAL DRIFT AND RELATED FHENOMENA 


BY BERT RUSSELL 
(Abstract) 


This paper emphasizes the fact that not merely contraction but also any 
inward segregation of heavier constituents (even without change of total 
volume, or shape) implies accelerative effects on the material inwardly 
segregated; so that molten intermediate layers may have tended or be 
tending to outrun the earth’s crust in eastward rotation. It will recall sume 
geological evidences of such segregation, suggesting the influence or mug- 
netism as well as gravitation therein, and will urge that, if the Americas 
have indeed gradually separated from the eastern land hemisphere (in 
accordance with the Taylor-Wegener theory) the deep keel of the “light” 
mountains of that hemisphere, by extending far into a magma (theory of 
isostasy) may have gained a slightly higher rate of eastward rotation there- 
from—setting such a pace that the shallower new-world raft fell behind. 


Read by title in the absence of the author. 


ADDRESS OF THE RETIRING VICE-PRESIDENT 


The address of Frank Leverett, Retiring Vice-President of Section E, 
was presented Monday afternoon. The address is published in full in 
Science, under the title “Problems of the glacialist,’ volume LXXI, 
number 1829, January 17, 1930, pages 47-57. 


SEsSION OF TUESDAY, DECEMBER 31 
TITLES AND ABSTRACTS OF PAPERS 


RECENT MODIFICATIONS AND CONTRIBUTIONS TO THE IOWA 
GEOLOGICAL SECTION 
BY A. 0. THOMAS 
(Abstract) 


This report is a summary and compilation of the Iowa Geological Section 
as it is known at present. Greater refinement in areal mapping is going on 
and a better knowledge of the section is growing as a result of the field 
and office work of a number of men. Valeontological knowledge is slowly 
unraveling some of the stratigraphic difficuities. 

The chief points to be emphasized are the work of Searight on the 
Cambrian, of G. M. Kay on the Decorah, of Ladd on the Maquoketa, of 
Rowser on the Gower, of Belanski, Stainbrook and the reader on the 
Devonian, of Laudon on the Kinderhook, and of Tester on the Dakota. In 
addition to these is an excellent report, now in press, by Doctor Norton on 
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the underground water of the State. In this is pointed out certain unexposed 
formations which nevertheless are constant and widespread. 

A most important contribution is the splendid work of Dr. George F. Kay 
on the Pleistocene. His results as well as several of those mentioned above 
are being presented in full before the Section, hence they will be but briefly 
mentioned in this paper. 


STUDY OF THE GOWER OF EAST-CENTRAL IOWA 
BY EDWIN M. ROWSER* 


(Abstract) 

The Silurian of eastern Iowa is largely Niagaran in age together with 
small patches of Alexandrian. The Niagaran is composed of two forma- 
tions, the Hopkinton below and the Gower above. The highly dolomitic 
character of the Niagaran, the poor preservation and the limited knowledge 
of the fossils have discouraged all previous attempts at mapping the two 
formations. In general, the higher beds to the southwest have been regarded 
as typical Gower and those to the north and east as Hopkinton. Field 
study and careful collecting have now made it possible to separate the two 
formations with some degree of certainty. The Gower fauna is strongly 
echinodermal and has local molluscoidian and molluscan zones. 


STRATIGRAPHY OF THE KINDERHOOK GROUP OF IOWA 


BY LOWELL R. LOUDON * 
(Abstract) 


The Sheffield formation has been referred to the basal portion of the 
Kinderhook group of Iowa. The formation lies unconformably on the Owen 
limestone (Upper Devonian). It lies unconformably below the Chapin mem- 
ber of the Hampton formation of Chouteau (Kinderhook) age. An analysis 
of the fauna of the Sheffield points to one of two conclusions; either the 
Sheffield has no equivalent in the Kinderhook of the Mississippi valley and 
is older than any of these early Mississippian formations or it is to be 
correlated with the Chemung of New York which is usually referred to the 
Upper Devonian. 

The English River formation may be correlated with the Hannibal forma- 
tion of Missouri. It lies unconformably beneath different members of the 
Hampton formation. The English River formation may be traced as far 
northwest as Legrand, Iowa. It lies with apparent conformity on the Maple 
Mill shale. The lower portion of the Maple Mill is not exposed and may be 
studied only from deep well sections. Lithologically the Maple Mill resembles 
the Saverton of Missouri and not the Ohio Black Shale. 

The Hampton formation is named for Hampton, the county seat of Franklin 
County where it is best exposed. The Hampton formation includes beds, 3, 
4, 5, and 6 of the Kinderhook at Burlington, the Wassonville limestone of 
Washington County, the Legrand beds of Marshall County, and the Chapin, 
Maynes Creek, Eagle City, and Iowa Falls members of the Kinderhook of 


1 Introduced by A. O. ‘Thomas. 
2 Introdced by A. O. Thomas. 
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north central Iowa. The Hampton formation carries an abundant fauna in 
its base that may be definitely correlated with the upper portion of the 
Chouteau of Missouri. The upper portion of the Hampton formation carries 
a fauna that is derived from this lower fauna. 

The Alden limestone may be correlated with the upper portion of the 
Kinderhook beds exposed at Gilmore City in Pocahontas County. At Alden it 
is definitely unconformable on the Iowa Falls member of the Hampton forma- 
tion and lies uncomformably under the Saint Louis limestone. At Gilmore City 
the base is not exposed. At Rutland, a short distance from Gilmore City, 
the Saint Louis limestone is seen in disconformable relations with the Alden. 
An analysis of the genera represented in the Alden fauna indicates its late 
Kinderhook age. At present no formation is known with which it may be 


compared. 


CAMBRO-ORDOVICIAN SECTION IN THE WAUZEKA QUADRANGLE, WISCONSIN 
BY WENDELL C. COUSER? 


(Abstract) 


Upper Cambrian and Lower Ordovician rocks are represented in south- 
western Wisconsin by formations which have been the subject of special and 
recent stratigraphic study by Ulrich, Thwaites, Twenhofel, and Stauffer. The 
section in the Wauzeka Quadrangle, at least in so far as the beds between 
the base of the Saint Lawrence and the top of the Jordan are concerned, appear 
to fit better into the classification of Stauffer than into that of Ulrich. 


CAMBRO-ORDOVICIAN STRATA OF THE STODDARD QUADRANGLE, WISCONSIN 
BY GORDON ATWATER * 
(Abstract) 

The early Paleozoic formations exposed in the Stoddard Quadrangle, which 
is located on the Mississippi River south of La Crosse, gives evidence, some of 
which is in harmony with and some of which is not in harmony with Ulrich’s 
recent reclassifications of the sections of southwestern and southeastern 


Wisconsin. 


MINNELUSA FORMATION NEAR BEULAH, WYOMING 
BY F. HOWARD BRADY * 


(Abstract) 

In seven carefully measured sections of the Minneslusa formation along the 
eastern and northern flank of the Black Hills Uplift between Het ‘Springs, South 
Dakota and Beulah, Wyoming, the maximum departure from the average 
thickness is less than eight per cent and the mean departure is less than 
two and one half per cent. Throughout this area the formation consists of 
sandstones and limestones with a few layers of red and green shales. Up to 
the present the formation has yielded only a few fossils, and has been 
generally regarded as unfossiliferous. 


1 Introduced by A. C. Trowbridge. 
2Introduced by A. C. Trowbridge. 
% Introduced by J. J. Runner. 
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In the area immediately to the south of Beulah, Wyoming, the formation 
presents some rather unusual phenomena. Here the upper portion in places 
contains several gypsum beds totaling nearly 130 feet in thickness. These are 
interbedded with sandstones and limestones some of which bear a rich Penn- 
sylvanian fauna. The gypsum beds thin out and disappear toward the south 
and east, whereas the interbedded sandstones and limestones may be traced 
as individual layers for considerable distances beyond the gypsum area, Fur- 
thermore in this locality the sands contain the evaporated residues of petroleum 
in abundance. 


NEW SHALE IN THE CHICAGO AREA AND ITS RELATION TO THE DEVONIAN 
OF NORTHWESTERN INDIANA 
BY DAVID 0, TAYLOR 
(Abstract) 


The City of Chicago is building a tunnel within the Niagara dolomite to 
be used as a water aqueduct. An exposure of another formation composed 
of interstratified greenish shale and thin bedded dolomite, preserved by down- 
faulting, occurs in the tunnel. This formation overlies the massive Niagaran 
dolomite conformably. Joints in the dolomite (Port Byron) contain green 
shale from the overlying shale formation. The occurrence of green shale 
in joints in the Port Byron at Thornton, Illinois, 28 miles to the south 
suggests that the shale formation once covered that area. The structure at 
Thornton, Illinois, is an east-west anticline with dips of 30 to 40 degrees. 
There are two wells two miles south of Thornton in which 165 feet of shale 
and argillaceous dolomite overlie the Niagaran dolomite. This confirms the 
suggestion of the occurrence of the “tunnel” shale over the Thornton area. 
This structure projected east eight miles includes the wells of the Grasselli 
Chemical Company at East Chicago, Indiana. It was from the cuttings from 
these wells that the Devonian was first described as occurring in this area. 
The new exposures and associated structures suggests that what has been 
ealled Devonian in northwestern Indiana and northeastern Illinois is, at 
least in part, Silurian. 


SEDIMENTARY STUDY OF THE STRAWN CONGLOMERATES OF 
NORTH-CENTRAL TEXAS 


BY HARRY X. BAY? 
(Abstract) 


During the past summer the writer began a field study of the Strawn 
(Brazos River and Turkey Creek) conglomerates of north-central Texas, 
the purpose of which was to ascertain, if possible, by mean of field observation 
supplemented by laboratory study: (1) the source of the materials contained 
in the conglomerate, the direction in which it traveled, and the distance that 
it was transported, (2) the mode and manner of deposition of the materials, 
and (3) the general lithology of the beds. 


1Introduced by A. C. Trowbridge. 
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The study in general is to be of two types: (1) a field study, the purpose 
of which is to determine the extent, the variations in color, and the thickness 
of the beds, the dip and strike of the bedding planes, the fossil content, and 
the relation of the conglomerate to subjacent rocks, and (2) a laboratory 
study to determine by means of sedimentary analyses, the sizes, shapes, and 
mineral content of the pebbles, and the nature of the matrix and cementing 


materials. 


AGE OF CERTAIN CHERT GRAVELS IN THE LEAD AND ZINC DISTRICT OF 
OKLAHOMA 


BY S. WEIDMAN 
(Abstract) 


The deposits of gravel occurring on certain uplands west of Spring River 
in the Miami Lead and Zine district are found to continue westward and 
pass beneath the Cherokee shale formation where they obviously form the 
basal beds of the Cherokee. The author, therefore, considers the age of the 
gravel as basal Cherokee (Pennsylvanian) rather than Lafayette gravel of 
Terrtiary age as previously interpreted (Joplin District Folio, number 148, 
United States Geological Survey, page 7). Evidence in support of the author’s 
interpretation is the occurrence of the gravel deposits either only on rocks 
older than the Cherokee shale, where the shale obviously has been removed 
during the present interval of Tertiary and Quaternary erosion—or its oc- 
currence beneath thin as well as thick beds of the Cherokee shale within the 
area occupied by the latter. 


PHASES OF THE STRATIGRAPHY OF THE CRETACEOUS FORMATIONS 
OF NEBRASKA 
BY LAWRENCE W. HEWITT * 
(Abstract) 

A bulletin of the University of Nebraska describing the Cretaceous forma- 
tions of Nebraska will be published in the spring. The present paper will 
deal with certain of the more interesting phases of this material. Most of 
the time will be devoted to a discussion of the Dakota group in Nebraska 
with comparisons and correlations of the Nebraska Dakota divisions with 
those of neighboring states. In addition there will be brief comments upon 
other formations within the Cretaceous system represented in the State. 


TYPE SECTION OF THE DAKOTA STAGE 


BY ALLEN C. TESTER 
(Abstract) 


Opinions have differed on the origin and age of the Dakota sandstones and 
shales. The present paper deals with a detailed lithologic description of all 
the sections in the type area of northeastern Nebraska and adjacent Iowa, 


2Introduced by G. E. Condra. 
XII—BvuLL. GEou. Soc. AM., Von. 41, 1930 
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and a description of the invertebrate fossils. The type sections of the 
Dakota are composed of shales, siltstones, sandstones and thin seams of 
lignite. Considerable fragmentary plant material is found throughout the 
section, and a few clay and sandstone layers carry a good dicotyledonous 
flora. One glauconitic sandstone layer contains a mollusean fauna with 
affinities close to the Mentor fauna of the Washita of central Kansas. Com- 
parisons of the type sections are made with sections of Dakota and Coman- 
chean formations of Kansas. The type Dakota has both marine and terres- 
trial deposits with many beds accumulated in a littoral zone. Also, the 
Dakota is as old as the Washita of Kansas and in part as young as the 
Graneros of Kansas. 


STRATIGRAPHY AND PALEONTOLOGY OF THE FORT RILEY LIMESTONE OF 
NORTHERN OKLAHOMA 


BY DON B. GOULD? 


(Abstract) 


The lower division of the Permian of Kansas, known as the Big Blue group, 
differs greatly in character from rocks of the same age in central Oklahoma. 
The Big Blue group consists chiefly of alternating marine shales and lime- 
stones; some of the latter contain large amounts of chert. South of the 
Cimarron River in Oklahoma these beds are represented by red shales and 
sandstones. These are typical red beds of the type considered to be conti- 
nental in origin. Between the marine and the red beds facies a gradation 
occurs. The limestones become thinner southward, the proportion of clastic 
material in them increases,and some of them grade into beds of sandstone. 
The marine shales lose their gray color and become red; in these, red sand- 
stones appear, becoming thicker to the south. 

The Fort Riley limestone is a member of the Chase formation of the Big 
Blue group. Its changes in lithology, thickness, color, and other characters 
are described in detail. <A list of the Fort Riley fossils is given as well as 
descriptions of the faunal characteristics of the various facies. These data 
are interpreted in an attempt to portray the changing depositional condi- 
tions and the response of the fauna to them. 


PELECYPODA OF THE LOUISIANA LIMESTONE 
BY JAMES 8. WILLIAMS 
(Abstract) 


Recent collecting .in the Louisiana formation of nertheastern Missouri has 
yielded a pelecypod fauna heretofore unknown from that formation. All but 
two of the pelecypods are new or have not been previously reported from the 
formation. Two of them, Leda diversoides (Weller) Moore and Parallelodon 
sulcatus (Weller) Moore, were originally described from the Glen Park 
limestone. Three others occur also in the Waverly of Ohio. These are: 
Palavoneilo ignota Herrick, Grammysia hannibalensis (Shumard) Hall, and 
Leda spatulata Herrick. These new species will be described in a forth- 


1 Introduced by A. O. Thomas. 
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coming report on the Louisiana formation. Specimens too fragmentary for 
definite reference or description probably represent species of Sanquinolites, 
Parallelodon, Aviculopecten, Palwoneilo, and Nucula. 

Most of the pelecypods were collected from a four-inch yellow-brown shale 
at the base of the formation, but others were secured from the limestone 
beds above. 


BLASTOIDS FROM THE BRAZER FORMATION (MISSISSIPPIAN) OF 
NORTHERN UTAH 
BY R. E. PECK? 
(Abstract) 


Blastoids are much rarer in the Mississippian formations of the Rocky 
Mountain region than in the equivalent formations of the Mississippi Basin. 
An apparent exception to this rule is the Brazer of northern Utah in which 
blastoids are abundant. The variety is not great, however, only two forms 
being recognized by the writer. Both of these forms are new. The most 
common species is a medium-sized Pentremite closely related to Pentremites 
pyriformis. The second form represents a new genus and species, Chilosto- 
mablastus baileyi. This form is one of the largest bastoids described, an 
average specimen measuring about 60 mm. in height and 33 mm. in diameter. 
The outstanding characteristics are deeply concave ambulacral areas, radial 
plates overlapping the deltoid plates, and a parapetlike ring surrounding the 
mouth opening. 


INDICATION OF A COLOR PATTERN ON A MISSISSIPPIAN TRILOBITE 
BY JAMES S. WILLIAMS 
(Abstract) 


Color markings and patterns on Paleozoic invertebrate fossils have been 
observed by a number of investigators. Most of the markings consist of 
bunds, lines, or stripes of darker color than the body of the shell arranged 
to form a more or less definite pattern. Some of them are rounded or 
rectangular marks which are also arranged in somewhat definite fashion. 
Other markings consist of differently colored or tinted parts of shells. These 
traces of original coloration have been described as occurring on cephalopods, 
gastropods, brachiopods, and pelecypods, and recently Raymond has described 
color markings on a trilobite from the Cambrian of Alabama. This repre- 
sents the oldest color-marked fossil of any kind. 

A new Mississippian trilobite, Pratus tenuituberculus Williams, MS., from 
the Louisiana limestone of northeastern Missouri, has spots which resemble 
color markings. They cotsist of two rows of subcircular to lenticular dark 
brown areas on the axis of the specimen, one row on each side of the axis 
near the longitudinal dorsal furrow, extending from the posterior nearly to 
the anterior of the axis. The markings are about one millimeter in diameter 
and are equal in number to the segments, but some markings extend across the 
intersegmental furrows. 


1Introduced by E. B. Bransen. 
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PRIMITIVE FISHES FROM THE DEVONIAN OF UTAH AND WYOMING 
BY E. B BRANSON AND M. G. MEHL 


(Abstract) 


A fish fauna from the lower part of the Jefferson formation of the Bear 
River Range of Utah is composed almost entirely of new forms. Three new 
genera closely allied to Pteraspis, Paleaspis, and Acanthaspis are described, 
all of exceptionally large size. In addition a new form of Dinichthyid is recog- 
nized, and teeth referred to Ptyctodus calceolus are recorded. The fauna 
indicates an early or middle Devonian age for the lower part of the Jefferson 
dolomite. 

A new genus of fishes closely allied to Pterichthys is described from the 
Darby formation of the Wind River Mountains near Lander, Wyoming. The 
formation is probably of middle Devonion age, although some of the fishes 
are unknown, elsewhere, above lower Devonion. 


WEBBED-FOOT RECORD FROM THE PENNSYLVANIAN OF WYOMING 
BY E. B BRANSON AND M. G. MEHL 
(Abstract) 


A series of 49 consecutive impressions of the hind feet of an animal, pre- 
sumably about 30 inches long, recorded in the Tensleep sandstone near 
Lander, Wyoming, is described. The animal was quadrupedal in gait but 
bore almost the entire weight on the hind feet. The front feet were consider- 
ably smaller than the hind feet, but both bore five digits. The stride was 
short and the trackway comparatively narrow. In normal progression the 
body was elevated above the ground so that there was no drag of tail or 
belly. This is apparently the earliest record of a distinctly webbed foot. 


PROBOSCIDEA OF NEBRASKA 
BY EDWIN H. BARBOUR 
(Abstract) 


The Proboscidea of Nebraska are variously modified and specialized. Their 
remains occur in such abundance that no like area boasts of greater numbers. 
They run from ordinary longirostral mastodons to extraordinary ones and 
from the mastodons to a variety of mammoths. 


The following two papers were read by title: 


RECENT DISCOVERIES CONCERNING ANCIENT MAN IN NORTH AMERICA 
BY H. J. COOK 


PUGNOIDES FROM THE BRAZER FORMATION OF NORTHERN UTAH 
BY F. GUNNELL 
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Pliocene beds at Timms Point, San Pedro, California [abstract]; by 


Range and limitations of species as seen in fossil mammal faunas 
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Page 
Fossil diatoms dredged in Bering Sea; by G. D. Hanna............ 211 
Warm-water faunas of the so-called Pliocene of San Pedro, California 
[abstract]; by W. P. 211 
Occurrence of rhododendron in the Tertiary of western America 
Stratigraphic relations of the Turritella inezana and Turritella ocoyana 
zones of the Santa Ana Mountains, Orange County, California 
Stratigraphic distribution of Arizona Phytosaurs [abstract]; by C. L. 
New occurrences of the Pliocene Antelope Sphenophalos in eastern 
Census of the Pleistocene mammals of Rancho La Brea, based on the 
collections of the Los Angeles Museum; by Chester Stock........ 213 
Miocene oysters of California [abstract]; by A. J. Tieje............ 213 
Tertiary mammalian fauna from the Upper Cuyama Drainage Basin, 
California [abstract]; by C. L. 214 
New faunal horizons in Jurassic and Triassic of the Pilot Mountains, 
Mineral County, Nevada [abstract]; by Siemon Muller.......... 214 
Tertiary mammalian fauna from the Mint Canyon formation of South- 
ern California [abstract]; by J. H. Maxson...................005 214 
Origins of the marine Tertiary faunas of the Pacific Coast [abstract]; 
Register of the Washington meeting, 215 
Officers, Correspondents, and members of the Paleontological Society........ 217 


Session oF THUrspAy, DECEMBER 26 
Thursday morning was spent by members of the Society with the 
Geological Society of America in the theater of the Wardman Park 
Hotel, where the introductory program of the latter Society was held. 
At 2 p. m. President Case called the Paleontological Society to order 
for its twenty-first annual meeting. The report of the Council was the 
first matter of business. 


REPORT OF THE COUNCIL 
To the Paleontological Society, in twenty-first annual meeting as- 
sembled: 
The following reports give a brief résumé of the Society’s business for 
the past year: 
SECRETARY'S REPORT 
To the Council of the Paleontological Society: 
The Secretary’s report for the vear ending December 25, 1929, in brief 
is as follows: 
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Meetings.—The Proceedings of the twentieth annual meeting of the 
Society, held at New York City, December 27-29, 1928, have been pub- 
lished in volume 40, number 1, pages 207-272, of the Bulletin of the 
Geological Society of America. 

The Council’s proposed nomination for officers for 1930 was mailed 
to the members in March, 1929, with the announcement that Wash- 
ington, D. C., would be the next meeting place. Increased official duties 
of the Secretary added during the year made it necessary for him to 
withdraw from the official ballot issued in December. _ 

Membership.—The Society has lost two correspondents by the death 
of S. S. Buckman, Esq., on February 26, 1929, and Prof. Charles 
Déperet, in April, 1929; and two members, Mrs. John F. Weinzier, who 
died September 28, 1928, and Charles H. Belanski, April 30, 1929. 
Eight new members have just been elected and fourteen nominations 
remain for action at this meeting. Ten of our members, Miss Alva C. 
Ellisor and Messrs. C. L. Baker, R. F. Flint, W. K. Gregory, J. E. 
Hoffmeister, Bela Hubbard, H. 8. Ladd, J. E. Lamar, T. A. Link, and 
Gayle Scott, have just been elected to fellowship in the Geological So- 
ciety of America. Two members have resigned, leaving a total member- 
ship of 375 at the close of 1929. 

Publications.—The Proceedings for 1928 and three articles totaling 
90 pages have been published during the year in the Bulletin of the 
Geological Society of America; but an unfortunate delay in the print- 
ing of the separates prevented their distribution to the members until 
after the present meeting. 

Pacific Coast Section—This section of the Society met at Stanford 
University on Saturday, April 13, when a program of sixteen papers 
was given. More details of this meeting are found on later pages. 


Respectfully submitted, 
R. S. BAssLer, 
Secretary. 


WasHinoton, D. C., December 26, 1929. 


TREASURER’S REPORT 
To the Council of the Paleontological Society: 


The Treasurer begs to submit the following report of the finances of 
the Society for the fiscal year ending with December, 1929: 
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CREDITS 
Cash on hand December 27, $1,459.15 
Membership dues collected for 1929............ 525.20 
Interest, Connecticut Savings Bank............. 59.18 
$2,043.53 
DEBITS 


Secretary’s office: 
Secretary’s allowance (voucher 4).......... $100.00 


Clerical 6)... 25.00 
Office expenses (voucher 5).........- 70.41 
———_ $195.41 
Treasurer’s office: 
Treasurer’s allowance (voucher 7).......... $25.00 
Office expenses (voucher 12)................ 8.70 
Publication: 
G. S. A. Bulletin, vol. 30, reprints (vouchers 
3, 11)— 
PO. 126-128; 200 Copies... 
ED. 200 COMMIS... 11.82 
12.21 


51.69 
Pacific Coast Branch: 
Affiliation fee to Pacific Division, A. A. A. S. 


for 1926 and 1927 (voucher 1)...... cocsee $1000 
Affiliation fee to Pacific Division, A. A. A. S. 
Printing programs for the 1929 meetings 
Clerical aid to the Secretary (vouchers 
$49.86 $330.66 
Balance on hand December 26, 1929....... $1,712.87 
Outstanding dues: 
Members. 2 yeoats in Qrrears (11) $66.00 
Members 1 year in arrears (20)........... 60.00 


Very truly yours, 
Cart O. Dunsar, 
Treasurer. 
New Haven, Connecticut, December 26, 1929. 


APPOINTMENT OF AUDITING COMMITTEE 


President Case then referred the accounts of the Treasurer to an 
Auditing Committee consisting of Professor Sinclair and Doctor Foerste. 
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ELECTION OF OFFICERS AND MEMBERS 


The results of the election of officers for 1930 and of new members, 
announced by the Secretary, was the next matter of business. 


OFFICERS FOR 1930 


President: 
W. H. Madison, Wisconsin 
First Vice-President: 
Raten W. Cuaney, Berkeley, California 
Second Vice-President: 
Barnum Brown, New York City 
Third Vice-President: 
A. O. THomas, Iowa City, Iowa 
Secretary: 
B. F. Howe, Princeton, New Jersey 
Treasurer: 
Cart O. Dunpar, New Haven, Connecticut 
Editor: 
WALTER GRANGER, New York City 
NEW MEMBERS FOR 1930 
FRED ANDEREGG, Box 401, University, Virginia. 
Cc. C. Cuurcu, 79 New Montgomery Street, San Francisco, California. 
Hoyt RopNey GALE, 1775 Hill Drive, Eagle Rock, Los Angeles, California. 
MARGARET RANDOLPH HitrcHucock, The Fall Field, Proftit, Virginia. 
HELG1 JOHNSON, Bishop Place, New Brunswick, New Jersey. 
JoHN THERON SANFORD, Buffalo Museum of Science, Buffalo, New York. 
JEROME STANDLEY SMISER, Graduate College, Princeton University, Princeton, 
New Jersey. 
ALBERT ELMER Woop, 11 North Middle Reunion Hall, Princeton, New Jersey. 


NEW NOMINATIONS AND ELECTION TO MEMBERSILIP 


The following applications for membership, received too late for the 
printed ballot, following approval by the Council, were then submitted 
to the Society for action. The list of nominations with the names of 
their sponsors and special line of interest follows: 

WILLIAM FRANKLIN Barpat, ¢/o Standard Oil Company of California, Bin 
XX, Taft, California. Economic paleontology. Proposed by Hubert G. 
Schenck and R. S. Bassler. 


BEATRICE E. Botton, Geological Department, Cornell University, Ithaca, New 
York. Invertebrate paleontology. Proposed by G. D. Harris and Bur- 


nett Smith. 
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WILBuR Brown, U. S. Geological Survey, Washington, C. TPaleo- 
botany. Proposed by David White and T. W. Stanton. 

KeNnetu E. Caster, Paleontological Laboratory, Cornell University, Ithaca, 
New York. Invertebrate paleontology. Vroposed by G. D. Harris and 
Burnett Smith. 

James C. CuLLison, Missouri School of Mines, Rolla, Missouri. Invertebrate 
paleontology. Proposed by Josiah Bridge and R. 8S. Bassler. 

Robert H. Cuyter, Department of Geology, University of Texas, Austin, Texas. 
Invertebrate paleontology. Proposed by FE. H. Sellards and A.«F. Foerste. 

Davip DeLo, Department of Geology, Washington University, St. Louis, Mis- 
souri. Invertebrate paleontology. Vroposed by W. H. Shideler and R. 8. 


Bassler. 

Rivst Enpo, Manchuria Teachers’ College, Mukden, Manchuria, China. In- 
vertebrate paleontology. Proposed by Charles E. Resser and R. S. 
Bassler. 


CuARLES W. MERRIAM, Department of Paleontology, University of California, 
Berkeley, California. Invertebrate paleontology. Proposed by W. D. 
Matthew, Chas. L. Camp and B. L. Clark. 

CHARLES B. REAp, Department of Paleontology, University of California, Ber- 
keley, California. Paleobotany. Proposed by W. D. Matthew, Chas. L. 
Camp and B. L. Clark. 

T. E. REYNoLps, Department of Paleontology, University of California, Berke- 
ley, California. Vertebrate paleontology. Proposed by W. D. Matthew, 
Chas. L. Camp and B. L. Clark. 

CHARLES M. STERNBERG, Geological Survey of Canada, Ottawa, Canada. Verte- 
brate paleontology. Proposed by C. H. Sternberg, C. W. Gilmore and 
R. S. Bassler. 

R. A. Stirton, Department of Paleontology, University of California, Berke- 
ley, California. Vertebrate paleontology. Proposed by W. D. Matthew, 
Chas. L. Camp and B. L. Clark. 

Eart H. Turner, Department of Paleontology, University of California, Ber- 
keley, California. Invertebrate paleontology. Proposed by W. D. Mat- 
thew, Chas. L. Camp and B. L. Clark. 


Upon motion and favorable vote, the By-Laws were suspended and the 
Secretary was instructed to cast the vote of the Society for the election 
of these fourteen nominees to membership. 


ELECTION OF CORRESPONDENT 


The Secretary then placed before the members the nomination for 
election as Correspondent of an eminent student of European Paleozoic 
stratigraphy and paleontology, Dr. Jan Koliha, Curator of the Barran- 
deum, Narodni Museum, Prague, Czechoslovakia. 

Dr. Koliha’s election followed by unanimous vote. 
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REPORT OF SERVICE COMMITTEE 


B. F. Howell, Chairman of the Service Committee, then submitted the 
following report of the year’s activity: 

During the past year the committee has continued to serve as a 
clearing-house for information for members of the Society, and has as- 
sisted members in various other ways. It was able to help in placing 
several men in good positions; and experience appears to indicate that 
this phase of its activities may become in the future of great value to the 
Society and to organizations employing paleontologists. It has received 
a surprising number of requests for copies of the chart of symbols rec- 
ommended for use in the marking of type specimens, and has sent out 
in answer to these requests dozens of photographic copies of the chart 
which was exhibited at the last annual meeting of the Society. 

One of the kinds of information for which the committee is asked, and 
which it has great difficulty in supplying, is that dealing with the loca- 
tion of type specimens of fossils—not only original types, but homeo- 
types and topotypes—which can be used as aids in the identification of 
newly collected material. The committee’s experience in this regard 
leads it to believe that the Society should encourage the publication by 
museums of lists of the type fossils in their collections. 

At Dr. Bassler’s suggestion, the chairman of the committee has asked 
Mr. Ignatius McGuire, the Librarian of the Natural Science Library of 
Princeton University, to prepare for the information of the members of 
the Society a list of bibliographies and indices which are useful in locat- 
ing foreign paleontological literature. Mr. McGuire has kindly prepared 
this list; and the committee presents it as an appendix to this report, 
and expresses its appreciation of Mr. McGuire’s courtesy. 

Respectfully submitted, 
B. F. Howe 
Chairman. 


GENERAL BIBLIOGRAPHIES FOR PALEONTOLOGY 


BY I. MC GUIRE 


The following list represents the general biblographies for paleontology 
used in the natural science library of Princeton University. A few of 
the more comprehensive special bibliographies have been included, but 
for other bibliographies of special subjects or regions the student is 
directed to Nickles, Margerie, Mathews, and the Library of Congress 
catalogue cards in the library of his own institution. 
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As Mathews points out in the preface to his catalogue, noted at the head 
of the list below, a survey of the literature contained in European 
libraries would probably make it possible to add to his work a large 
amount of valuable material now but little known. 

The present list leaves out of account many indices, such as Miller’s 
“North American Geology and Paleontology,” Merrill’s catalogue of 
specimens in the United States National Museum, and Whitney’s recent 
“Bibliography and Index of North American Mesozoic Invertebrata,” 
which although of prime importance to the bibliographer do not come 
within the scope of this work. A classified bibliography of such lists 
would be a valuable addition to the literature of paleontology. It should 
include a catalogue of published lists of fossils in the museums of the 
world. 

A step that would serve to coordinate the literature of paleontology 
in a very useful way would be the general adoption, by editors and pub- 
lishers, of the universal decimal system of classification, using the 
proper numbers in conjunction with the title of every paper published. 
The advantages of this scheme have been pointed out in Nature (Decem- 
ber 15, 1928) and elsewhere. The American Museum of Natural His- 
tory has followed this practice for many years, and the Royal Society of 
London has lately adopted it also. 


MaTHEWs, Epwarp BENNETT, 1869- 
Catalogue of Published Bibliographies in Geology, 1896-1920, Compiled 
for research information service and Division of Geology and Geography, 
National Research Council. (Bulletin of the National Research Council, 
number 36, volume 6, part 5, October, 1923.) 228 pages. 

Supplements Margerie. Chapter headings: “General bibliographies, 
current bibliographies and abstract journals, indices of series, official 
publications, etcetera; bibliographies of special subjects [including re- 
gions]; personal bibliographies and necrologies.” Indexed by authors. 
This and Margerie are indispensable. 

MARGERIE, EMMANUEL DE, 1862- 
Catalogue des Bibliographies Géologiques; rédigé, avec le concours des 
membres de la Commission biliographique du Congrés [géologique inter- 
national] par Emm. de Margerie. Paris, 1896. 733 pages. 

“Histores et bibliographies de l’ensemble de la géologie; bibliographies 
périodiques; bibliographies personelles [that is, bibliographies which are 
indexed by authors]; bibliographies par matiéres [includes a section on 
paleontology, general and special]; géologie géographique en général, 
listes de cartes géologiques publiées dans divers receuils.” Then follows 
the larger part of the work, arranged regionally. Index of authors of 
bibliographies. 


NICKLES, JOHN MILTON, 1859- 
Geologie Literature on North America, 1785-1918. (United States Geo- 
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logical Survey Bulletins 746, 747.) Supplemented through 1926 by his 
Bibliography of North American Geology. (United States Geological 
Survey Bulletins 781, 758, 784, 802.) 1923-1928. 6 volumes in all. 

General papers by foreign writers are excluded unless they have 
appeared in American publications. Papers by American writers on the 
geology of other parts of the world are not listed. 

Contains important lists of serials examined. 

ROYAL SOcieTy OF LONDON, 
Catalogue of Scientific Papers [of the 19th Century]. London, 1867-1925. 
19 volumes. 

The index by authors has been completed; a subject index for biology 
is in preparation. 

For elucidating references to papers (not independent books) of a 
given author this catalogue is indispensable. Contains a list of the serials 
to which it refers. 

INTERNATIONAL CATALOGUE OF SCIENTIFIC LITERATURE.. Paleontology, 1901 to 
May, 1916. London, Royal Society, 1903-1919. 14 volumes. 
Complete indexing for the period covered. 
MUSEUM (NATURAL History) LIBRARY, 
Catalogue of the Books, Manuscripts, Maps and Drawings. London, 
1903-1922. 5 volumes, and supplement, 1 volume. 

For elucidating references to books and independent memoirs of a 
given author this set also is indispensable. It contains an enormous 
amount of the most valuable bibliographic information, hardly obtain- 
able elsewhere, such as complete descriptions, including tables of con- 
tents, of the reports of the great expeditions and other complicated collee- 
tions; it often furnishes information concerning misprints, parts never 
issued, plates extra or misnumbered, and other puzzles; and gives the 
histories of serials, editions, etcetera. References are given to the various 
works of Sherborn, in the Annals and Magazine of Natural History, on 
publications dates of important works. The library it catalogues is rich 
in rare works and in the sometimes difficult material of the older govern- 
ment surveys. The latest volume is a supplement (containing an im- 
portant list of corrections) and it is expected that other volumes will be 
issued from time to time bringing the catalogue up to date. 

GEOLOGICAL SociETY OF LONDON LIBRARY. 
Geological Literature Added to the Geological Society’s Library [July, 
1894, to 1928]. London, 1895-1929. 

Author and title list with subject index (except 1920-1924, which 
years are without the subject index). One volume issued annually. 

This set cooperates with Nickles and with the Zoological Record; e. ¢., 
publications dealing exclusively with the geology of North America are 
entered but not subject-indexed. Names of fossils are indexed only 
when they appear in the titles of papers, or when the fossils constitute 
a very important part of the subject matter of the paper indexed; for 
other names the student is referred to the Zoological Record. 

The list of maps is stated to be not exhaustive, but it includes all 
maps published as separate sheets (e. g., sheets of geological survey 
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maps) and others which cover new or little-Known areas or delineate 
special features. 

ZOOLOGICAL REcorD. Volume 1, 1864, to date. London, Zoological Society, 
1865-1929. 

The subject index for each phylum is both systematic and distributional 
(by age). An index of all new genera and subgenera, including new 
names, is at the back of each volume; these indexes are collected for 
1880-1910; see Index Zoologicus, below. 

The 1927 volume contains a valuable list of serials. 

One volume issued annually. 

CONCILIUM BIBLIOGRAPHICUM INDEX UNIVERSALIS (also known as Universal 
Index, Zurich Index). On ecards. Bibliographic Council, Zurich, 1896 
to date, 

This indexes the literature of zoology including paleozoology. The 

‘ards are numbered according to the universal decimal system of classi- 
fication, and afford an index by authors, locality, age and systematic 
position of the animal, with notes indicating descriptions of new forms. 

The Zurich Index in its complete form is probably not common. How- 
ever, a student interested in a particular field may subscribe only for 
the cards that pertain to his field; for example, entries applying to a 
certain group of animals, or pertaining to a particular locality or region, 
or to a certain horizon, or to the writings of certain authors. The index is 
usually about two years behind the current output of publications. 

3IBLIOGRAPHIA ZooLocica. Volume 1, 1896 to date. Zurich, Bibliographic 
Council, 1896-1929. 

Citations only, indicating descriptions of new forms. Arranged ae- 
cording to the universal decimal system of classification; no index. One 
volume annually. Preceded, 1878-1895, by the “Literatur” section of the 
Zoologischer Anzeiger. 

BrioLnocicaAL ABSTRACTS; & Comprehensive abstracting and indexing journal of 
the world’s literature in theoretical and applied biology. Volume 1, 
December, 1926, to date. Philadelphia (at the University of Pennsyl- 
vania). 

Begins with the literature of 1926. Sections for general paleobotany 
and paleozoology : systematic and morphological papers treating of fossil 
forms are grouped with those of a similar nature treating of living 
animals. The editorial office contains an up-to-date card file of new 
genera, Normally issued monthly, 11 abstract numbers and 1 index 
number forming an annual yolume. 

GEOLOGISCHES ZENTRALBLATT. Volume 1, 1901 to date. Leipzig, 1901-1929. 

Abstracts in German or English. Index by authors, geologic periods, 
and phyla; paleobotany in a single division. 

Semimonthly; about 2 volumes per year. 

NEVES JAHRBUCH FUR MINERALOGIE, GEOLOGIE UND PALEONTOLOGIE. Stuttgart. 

A complete account of this long-established journal may be omitted 
here. Its “Referate” furnish citations and abstracts in German, subject- 
indexed from about 1890; previous to 1890, indexed by authors only. A 
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valuable feature of this journal, previous to 1900, is the account, number 
by number, giving contents, of issues of the contemporary serials; see its 
table of contents. 

The “Referate” now number 3 volumes per year. 


REVUE DE GEOLOGIE ET DES SCIENCE CONNEXES. Volume 1, 1920 to date. Liége, 
1920-1928. 
Abstracting journal; abstracts in French or English. Useful as a cur- 
rent survey, but the completed volume is indexed by authors only. 
Monthly; 1 volume per year. 


BIBLIOGRAPHIE SCIENTIFIQUE FRANCAISE. Volume 1, 1902 to date. Paris, Bu- 
reau Francaise du Catalogue International de la Littérature Scientifique. 
Citations. Monthly; each number divided into sections for the various 
sciences, including a section for paleontology. An annual author-index; 
author- and subject-index for Volumes 1-13, cumulated, for paleontology. 


KIBLIOGRAPHIE DES ScIENCES G£OLOGIQUES. Volume 1, 19283 to date, Paris, 
Société Géologique de France. 

Citations only, in the form of the tables of contents, number by num- 
ber of current issues of the serials it covers, including government sur- 
vey publications. Indexed by author and subject, although the subject 
index is better for regions than anything else. 

Issued quarterly, with an extra index number completing the annual 
volume. 


BOTANICAL ABSTRACTS. Volumes 1-15, 1918 to 1926. Baltimore, 1918-1926. 
Contains a section, “Paleobotany and Evolutionary History ;” unfor- 
tunately these abstracts are indexed only through 1922. 
Continued by Biological Abstracts. 


PAL:OBOTANISCHE LITERATUR, BIBLIOGRAPHIE UBERSICHT UBER DIE ARBEITEN 
AUS DEM. GEBIETE DER PALZOBOTANIK, HERAUSG. VON W. J. JONGMANNS. 
Jena, 1908-1911. 3 volumes. 

Citations; arranged by author and genus; covers 1908 to 1911 only. 
Discontinued. 


Aeassiz, Louis, i. e., JEAN Lours RopotpnHe, 1807-1873. 
Nomenclator Zoologicus. Soloduri, 1842-1846. 26 parts, each with sepa- 
rate paging and its own bibliography. 
Nomenclatoris Zoologici Index Universalis. Soloduri, 1846. 393 pages. 
Forms part 2 of the Nomenclator. Another edition of the index, with 
different format, is dated Soloduri, 1848; 1,135 pages. 


ScuppErR, SAMUEL HUBBARD, 1837-1911. 
Nomenclator Zoologicus. An alphabetical list of all generic names that 
have been employed by naturalists for recent and fossil animals from 
the earliest times to the close of the year 1879. Washington, 1882. 376, 
340 pages. (Bulletin of the United States National Museum, number 19.) 

InDEx ZooLocicus, an alphabetical list of names of genera and subgenera, 
proposed for use in zoology as recorded in the ‘Zoological Record” 1880- 
1910. Compiled by Charles Owen Waterhouse. London Zoological So- 
ciety, 1902, 1912. 2 volumes. 
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NOMENCLATOR ANIMALIUM GENERUM ET SUBGENERUM, Im auftrage der Preus- 
sischen akademie der wissenschaften zu Berlin, herausg. von F. E. 
Schulze, W. Kiikenthal, fortgesetzt von K. Heider. Schriftleiter Th. 
Kuhlgatz. Berlin, 1926- 

Now in course of publication, the list appearing progressively through 
the alphabet; A to Halya has been completed in 11 fascicles (20 RM. 
each). The preface states that the work covers 1758 to 1909, with the 
names published from 1910 to 1922 taken from the Zoological Record. 
The entry consists of the name, author, place of publication, phylum and 
order. The first volume contains a literature list of great value. 

SHERBORN, CHARLES Davies, 1861- 

Index Animalium; sive, index nominum quae ab. A. D. [1758] generibus 
et speciebus animalium imposita sunt, societatibus eruditorum adiuvan- 
tibus, a Carlo Davis Sherborn confectus. Cantabdigiz, etc., 1902- 

Part 1, 1758 to 1800, complete in one volume, with a literature list. 

Part 2, 1801 to 1850, is in course of publication; A to Pratincola has 
been completed. The parts appear frequently, 10 shillings each. Litera- 
ture list in the first section. 

Indexes all names, generic and specific, with author and place of pub- 
lication. 

PALZONTOLOGIA UNIVERSALIS. Series 1-4 number 1. Laval, International 
Geological Commission, 1903-1912. 

Figures and descriptions of types of species published before 1850. 

Discontinued. 

BASSLER, RAy SMITH, 1878- 

Bibliographic Index of American Ordovician and Silurian fossils. 
(United States National Museum Bulletin, number 92.) Washington, 
1915. 2 volumes. 

OrBIGNY, ALCIDE CHARLES VICTOR DESSALINES D’, 1806-1876. 

Dictionnaire Universal d’Histoire Naturelle. Paris, 1849. A new edition, 
1867 (?). 16 volumes. 

ACADEMY OF NATURAL SCIENCES OF PHILADELPHIA. 

An index to the scientific contents of the journal and proceedings. 1812- 
1912. Philadephia, 1913. 1,419 pp. 

Index by genus and species; especially useful in tracing literature of 
mollusks. 

Fossiium CatTaLtocus—I, Animalia, II, Plante. Berlin, 1913. 

Systematic checklist. 

CANADA, GEOLOGICAL SURVEY. 

Index to Paleontology (geological publications, 1847-1916) compiled by 
Frank Nicolas. Ottawa, 1925. 383 pages. 

Indexed by genus and species. 


CANADA, GEOLOGICAL SURVEY. 

Annotated Catalogue of and Guide to the Publications of the Geological 
Survey [of] Canada, 1845-1917, by W. F. Ferrier assisted by Dorothy J. 
Ferrier. Ottawa, 1920. 544 pages. 

Lists of later publications are given in administrative reports. 


Buu. Soc, AM., Vor, 41, 19380 
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CANADA, GEOLOGICAL SURVEY. 

General Index to the Reports of Progress, 1863 to 1884. Compiled by 
D. B. Dowling. Ottawa, 1900. 475 pages. 

General Index to Reports, 1885-1906. Compiled by Frank Nicolas. 
Ottawa, 1908. 1,014 pages. 

Index to Separate Reports, 1906-1910, and Summary Reports, 1905- 
1916. Compiled by F. J. Nicolas. Ottawa, 1923. 305 pages. 

Index, in single alphabet, of authors, genera, localities, etc. 


FIscHER, PAUL HENRI, 1835-1893. 
Manuel de Conchyliologie et de Paléontologie Conchyliologique. Paris, 
1887. 1369, 23 pages. 


La ToucHuEe, THOMAS HENRY DIGGEs. 
A Bibliography of Indian Geology. Calcutta, Geological Survey, 1917- 
1926. 5 volumes. 
Part I-A is an index by authors; Part II, localities; Part III, subjects; 
Part IV, paleontological index, by genus and species. 


MEISEL, MAx. 

A Bibliography of American Natural History; the pioneer century, 
1769-1865; the réle played by the scientific societies; scientific journals; 
natural history museums and botanic gardens; state geological and nat- 
ural history surveys; Federal exploring expeditions in the rise and prog- 
ress of American botany, geology, mineralogy, paleontology and zoology. 
Brooklyn, 1924, 1926. 2 volumes. 

(1) Annotated bibliography of history, biography and bibliography of 
the period 1769-1865, with a classified subject and geographic index. (2) 
Institutions founded between 1769 and 1865. History and detailed ac- 
count of the publications, including publication dates. (3) Bibliography 
of the period 1590-1865 (not yet published). 

Acassiz, Lovuts, i. e., JEAN Louis RopotpHeE, 1807-1873. 

Bibliographia zoologiw et Geologiw. A general catalogue of all books, 
tracts, and memoirs on zoology and geology. London, Ray Society, 1848- 
1854. 4 volumes. 

GEOLOGICAL SociETY oF LONDON. 
Catalogue of the Library. London, 1881. 618 pages. 
LINNEAN LONDON. 
Catalogue of the Library. London, 1925. 860 pages. 
RoyaL GEOGRAPHICAL Society, LONDON. 
Catalogue of the Library. London, 1895. 833 pages. 
ZooLocicaL Society oF LONpON. 
Catalogue of the Library, 5th Edition. London, 1902. 856 pages. 
SCH WEIZERISCHE LANDESBIBLIOTHEK. 

Bibliographie der schweizerischen naturwissenschaftlichen literatur 
1, jahrgang, 1925. Bern, 1927. 152 pages. 

To be continued annually. 

ACADEMIE DES SCIENCES, PaRIs. 

Inventaire des Périodiques Scientifiques des Bibliothéques de Paris. 

Dressée par M. Léon Bultingaire. Paris, 1925. 1,102 pages. 
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Worip List oF SCIENTIFIC SERIALS PUBLISHED IN THE YEARS 1900 To 1921. 
London, 1925, 1927. 2 volumes. 

Notes English library holdings. 

Union List oF SERIALS IN LIBRARIES OF THE UNITED STATES AND CANADA. 
Edited by Winifred Gregory. New York; the H. W. Wilson Company, 
1927. 1,588 pages. 

Gives information regarding foundation dates, changes of name, edi- 
torship, etcetera, of all serials held in 1925 by the most important Ameri- 
can libraries, including the library of the Academy of Natural Sciences of 
Philadelphia. A supplement bringing it up to date is in progress. 

Useful when the student desires to borrow a paper from a library other 
than his own. 

List OF THE SERIAL PUBLICATIONS OF FOREIGN GOVERNMENTS, 1815-1929. Edited 
by Winifred Gregory. New York; the H. W. Wilson Company. In prog- 
ress. 

Section 1, South American countries, and section 2, the British over- 
seas empire, except Canada, have appeared in a preliminary checking 
edition. 


With President Case presiding, the Society then commenced the 
reading of scientific papers. 


TITLE AND ABSTRACTS OF PAPERS 


In the absence of the author the first paper was read by title. 
DEVONIAN RECORD IN CENTRAL TENNESSEE 
BY ERWIN R. POHL 


(Abstract) 


Deposition in the southeastern epicontinental basin of North America was 
slight and scattered following the development of the Niagaran succession and 
previous to the invasion of the Mississippian seas. On the west and north 
flanks of the Nashville Dome, and extending into southern Kentucky is 
found a thin development of calcareous and sandy sediments indicating 
embayments in narrow and shallow reentrants upon the low-lying but exposed 
barrier. The physical factors of sedimentation are extremely interesting in 
the discovery at several localities of the actual shore-line and its typically 
beach-sorted aeolian sands and association of contemporaneous organic re- 
mains and rolled and worn fragments of silicified Ordovician and Silurian 
fossils. A fine example of stratigraphic off-lap is seen in the offshore 
diminishing thickness of coarse sandstone at the top of the lower formation. 

On the basis of fossil content the strata are separated into two distinet 
formations and correlated with the Middle Devonian Jeffersonville and Sellers- 
burg formations typically developed at the Falls of the Ohio in Indiana and 
Kentucky. The name Pegram limestone, proposed by Foerste in 1901 for the 
entire Devonian under discussion, is placed in the discard. The determination 
of the stratigraphic affinities indicates the connection of the Tennessee area 
with that to the northeast during Middle Devonian time. 
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Two interesting papers on the field work and collection secured in 
the Big Horn Basin were then presented by the author, with lantern 
slide illustrations. Discussion by Professor Sinclair. 


NEW SPECIES FROM THE LOWER EOCENE 
BY EDWARD L. TROXELL 
FIELD WORK IN THE BIG HORN BASIN, 1929 


BY EDWARD L. TROXELL 


The next paper was read by title. 


DENTAL ELEMENTS IN THE ARTHRODIRE TITANICHTHYS 


BY L. HUSSAKOF 
(Abstract) 


The primary object of this paper is to describe for the first time the upper 
“tooth,” or anterior supero-gnathal, in Titanichthys, the largest of the Cleve- 
jand shale arthrodira. Thus far only the mandibles of this genus have been 
known but not the elements of the upper jaw. Claypole gave a small figure 
of an element he thought was a premaxilla of Titanichthys, but the identifica- 
tion has been questioned. 

The specimen here described is in the American Museum of Natural His- 
tory. It is a splendid left upper tooth entirely free of matrix. It was found 
associated with some other Titanichthys plates. From in front, the element 
is roughly triangular, 21 cm. in height and 20.5 cm. in greatest width. The 
lower point is compressed into a stout biting cusp; the part for attachment to 
the head is not thickened as in Dinichthys, but is a broad, flat flange of thin 
bone. The species is provisionally assigned to T. clarki. 

The discovery of this element makes it possible to study the mode of move- 
ment of the titanichthid jaw elements, in functioning, and this subject is also 
discussed in the paper. 


The stratigraphy and lithologic changes in the Early Mississippian 
Borden group, mainly the Keokuk division, was well brought out in the 
following paper, which was discussed by Messrs. Galloway and Bassler. 


RELATIONS OF FAUNAS TO LITHOLOGIC FACIES IN THE BORDEN ROCKS OP 
SOUTHERN INDIANA 
BY PARIS B. STOCKDALE 
(Abstract) 


Numerous misinterpretations regarding lateral relations of lithologic units 
and their associated faunas in the Borden group (Lower Mississippian) of 
southern Indiana, and the prevalent opinion that the rocks are almost barren 
of fossils are the outcome of a lack of a complete an‘ connected field investiga- 
tion by past workers. A particular feature of the writer’s recent field works 
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throughout the Borden (Knobstone) rocks is the discovery of distinctive 
lithologic facies with different faunal associations in a given formation sithin 
closely spaced areas. Worm marks are prolific throughout most of the 
Borden rocks above the New Providence shale. Aside from werm marks, 
however, fossils are found concentrated in restricted patches and are not 
scattered generally throughout the rocks. The Carwood formation (Knob- 
stone sandstone) contains the most abundant fossils and offers opportunity 
for the richest faunal study. This formation is in some places a massive, fine- 
grained sandstone. At other places it is an argillaceous siltstone. The 
lateral facies changes are rather abrupt. Each of the lithologie types has its 
distinctive fossil forms. The sandstone phases are characterized by patches 
containing a fauna of large, well preserved brachiopods, featured by Ortho- 
tetes keokuk and Syringothyrus texrtus. In the argillaceous facies bryozoans 
are prolific and the large brachiopods are missing. 


The value of a single fossil in intercontinental correlations was one of 
other features brought out in the following paper, illustrated by lantern 
slides. 

NEW INFORMATION ON HOMALONOTUS TRENTONENSIS 
BY LAWRENCE WHITCOMB 
(Abstract) 


The trilobite described by Simpson in 1888 as Homalonotus trentonensis has 
been found to have a restricted geographic and stratigraphie range, occurring 
only in central Pennsylvania in beds which have usually been referred to 
the Lower Trenton. It is not found at the type locality of the Trenton, at 
Trenton Falls, New York, the beds in which it occurs being apparently older 
than any beds known at that place. It is important, not only as the oldest 
Homalonotid known in North America, but also because it seems to be 
closely related to Ordovician species found in Wales, and is therefore of 
value in international correlation. Specimens collected in 1928 give us ad- 
ditional information about the anatomy of the Pennsylvania species. For the 
first time, as far as known, there have been found, an individual that is com- 
plete (except for the free checks) and examples of disassociated free cheeks, 
hypostomes, and cross sections showing the transverse profile of the thorax. 


There was then presented evidence for the distribution of certain 
Eocene faunas. 
EVIDENCE FOR THE SPREADING OF BAST INDIAN FORMS TO EQUATORIAL 
AMERICA DURING THE EOCENE 
BY WILLARD BERRY * 
(Abstract) 


The recent work of Umbgroye in the East Indies dealing with Tertiary 
sea connections between Europe and the Indo-Pacific area has shown certain 


1 Introduced by E. W. Berry. 
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similarities and dissimilarities of faunas. Certain faunas of the East 
Indian archipelago can be traced with more or less ease to the Central- 
Pacific area, and in the case of the subgenus, Lepidocyclina, it is found occur- 
ring both in the Javan area and the American Mediterranean region. In the 
course of this discussion we will take up the various large phyla of organisms, 
of which enough is known to make comparison of the two areas possible. 


The stratigraphy and faunal zones of the Lower Mesozoic in Nevada 
formed the subject of the next paper. Illustrated by lantern slides and 
discussed by Messrs. Stanton and Ferguson. 


NEW MESOZOIC HORIZONS IN NEVADA 
BY SIEMON WM. MULLER 
(Abstract) 

The area discussed lies in the southwestern part of the Gabb's Valley 
Range, along the western side of the Soda Spring Valley, Mineral County, 
Nevada. The Mesozoic sedimentary rocks widely distributed in this limited 
area are of upper Triassic and lower Jurassic ages. The upper Triassic 
rocks represent the late Noric Stage (Sevatic substage) and can be corre- 
lated on the basis of abundant and varied molluscan fossils with the Pina- 
coceras metternichi zone of the eastern Alps. This upper Triassic horizon 
has not been heretofore reported from North America. The rocks of Jurassic 
age represent the bottom part of the Lias containing four definite faunal 
zones of European Lias. Three of these zones have not yet been recognized 
in this country. The structure of the region is complexly faulted and folded 
and the fossiliferous zones facilitate greatly working out of the sequence of 
the beds. 


The significance of a plesiosaur vertebra discovered in nonmarine 
strata of Alberta was next discussed. Other examples of such occur- 
rences were given by the author and President Case. 


FRESH-WATER PLESIOSAURS 
BY LORIS S. RUSSELL 
(Abstract) 


The caudal vertebra of a plesiosaur has been found in the Edmonton 
formation on North Saskatchewan river, near Edmonton, Alberta, The 
vertebra is of the elasmosaur type, resembling those of Leurospondylus. The 
fossils associated with this vertebra indicate nonmarine conditions, and it is 
known that the Pierre sea, at the time of deposition of these fossils, lay at 
a considerable distance to the east. It is probable that the plesiosaurs that 
have been recorded from the Edmonton and Belly River formations of 
Alberta were at least of estuarine, rather that marine, habitat. 


A new type term was suggested in the following paper, which brought 
out discussion from a number of the members. 
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TOPHOMEOTYPE, A NEW TERM 
BY B. F. HOWELL 
(Abstract) 


Paleontologists use the term, topotype, to indicate a type specimen collected 
from the same horizon and locality as the original types of the species to 
which it is referable. They also use homeotype to designate a specimen 
which has been carefully identified by an authority. No single term seems 
to have been proposed, however, for use in referring to fossils which are 
both topotypes and homeotypes. As such specimens are second only to the 
original types in importance and usefulness, so that their proper labeling and 
care should be encouraged, it is desirable that some such word should be 
introduced. Tophomeotype is here suggested as suitable. 

It is also urged that curators see to it that the name of the authority who 
identifies a homeotype or a tophomeotype is indicated on the label which 
accompanies the type. 


The next paper was read by title. 


UPPER ORDOVICIAN OF PERCE, EASTERN QUEBEC 
BY CHARLES SCHUCHERT AND G. ARTHUR COOPER 
(Abstract) 


For many years it has been stated that Middle Ordovician and Silurian 
fossiliferous formations occur about Pereé in the eastern part of Quebec 
Province. More extensive collecting during the past ten years has brought to 
light a very thick development (probably 2000’-3000’) of Upper Ordovician 
(Richmondian in the main with probably some Gamachian), but so far no 
Middle Ordovician seems to be faunally represented, though such is probably 
present beneath the Percé anticline. Of Silurian there is also none, since the 
corals supposedly of this period are those of the Richmondian. The rest of 
the seattering small collections belong to the Lower Devonian, (Helderbergian) 
now known in several places in Gaspesia and New Brunswick. 

The Richmondian faunas of Percé are most remarkable for European ele- 
ments never seen on Anticosti Island about 70 miles to the northeast; these 
are inherited from early Trenton time and are best seen in the Rysedorph 
conglomerates near Albany, New York, and in the Chambersburg formation 
of the Appalachian geosyncline. These strange fossils, as described by Cooper, 
are mainly trilobites (Tretaspis, Cyclopyge (A’glina), Portlockia, Loncho- 
domas, and Leonaspis), and brachiopods (Christiania, Oxoplecia, Cyclospira, 
Leptelloidea, and Ptychoglyptus). 


The stratigraphy of the Narragansett Basin and the zones with am- 
phibian footprints formed the next topic. Tllustrated by lantern slides 
and discussed by President Case. 
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AMPHIBIAN FOOT-TRACKS FROM THE PENNSYLVANIAN OF THE 
NARRAGANSETT BASIN 


BY BRADFORD WILLARD 
(Abstract) 


Amphibian foot-tracks have been known from the coal measures of the 
Narragansett Basin in Massachusetts and Rhode Island, although no other 
evidence of these animals has been discovered. This paper is intended as a 
preliminary sketch of the occurrences and general character of the foot- 
tracks so far discovered in the region. 


The next paper, one dealing with the stratigraphy of the Early Ter- 
tiary of Wyoming, brought out discussion from the vertebrate paleon- 
tologists present. 


COMPLETE PALEOCENE SECTION IN WYOMING 
BY GLENN L. JEPSEN 
(Abstract) 


In studying the stratigraphy and paleontology of the sediments lying be- 
tween the Lance (Upper Cretaceous) dinosaur bearing beds and the Lower 
Eocene Wasatch of parts of the Bighorn Basin, Park County, Wyoming, the 
Princeton Scott Fund Expedition of 1929 discovered three new Paleocene 
faunal horizons. The lowest is just above the Lance, in the base of a heavy 
buff sandstone which the U. S. Geological Survey has heretofore regarded as 
Lance, and includes among other Puerco genera, Oryacodon, Eoconodon, and 
Lorolophus. Two hundred feet higher a second level yields Torrejon forms 
such as Chriacus, Tetraclaenodon, and Tricentes. Above this a third new . 
horizon, which was locally quarried, contains genera (Carpolestes, Leptacodon, 
and Ectypodus) which correlate it in part with the Montana Bear Creek and 
the Colorado Tiffany. The fourth and uppermost horizon of the Paleocene in 
this locality is the Clark Fork, which has been described in part by earlier 
workers. 

From the disconformity at the top of the Lance upward through the Paleo- 
ecene to the locally angular unconformity between the Clark Fork and the 
Wasatch, no pronounced structural or stratigraphic break has been observed. 
The sediments are a series of somber clays and sandstones. 

In addition to the positive correlations with other areas and horizons which 
are made possible by the new faunas, the presence of an andesitic ash in part 
of this new Wyoming Torrejon may heip to prove its contemporaniety with 
the Montana Lebo. 

This single section contains representatives of ail the Paleocene mammalian 
faunas previously known in North America. It is confined by the Lance be- 
low and the Wasatch above, neither of which has been observed elsewhere in 
proximity to the Paleocene. These two facts afford important new evidence 
of the relationships of the elements within and bounding the “Fort Union.” 
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An interesting paper dealing with the young stages of fossil gastropods 
followed and gave rise to considerable discussion. 


RECONSIDERATION OF THE PENNSYLVANIAN-ZYGOPLEUROID GASTROPODS 


BY J. BROOKES KNIGHT 


The following paper described a newly devised technic for staining 
fossils. It was discussed by Professors Werner and Galloway. 


USE OF SELECTIVE STAINS IN PALEONTOLOGY 


BY L. G. HENBEST 
(Abstract) 


While studying some Pennsylvanian foraminifera an effort was made to 
find some kind of selective stain which would be an easy or simple means of 
differentiating the various kinds of shell substance. It was found that 
malachite green selected the tests of certain agglutinated forms while tests 
apparently composed of homogeneous calcite remained unstained. The results 
and possible significance of experiments with this dye are described and 


illustrated. 


The next two papers were combined by the author and closed the 
afternoon session. Illustrated by lantern slides and discussed by Messrs. 
Fenton, Galloway, and Condra. 


FORMATIONS SUBJACENT TO THE BLACK RIVER-TRENTON LINE 


BY G. MARSHALL KAY 
(Abstract) 


In New York, west of the Adirondacks, the Leray and Watertown lime- 
stones of Black River age (members of the Chaumont formation) lie beneath 
limestones of the Rockland formation of the Trenton. In adjacent Ontario, 
the Glenburnie shaly limestone member lies in the horizon of the Leray- 
Watertown disconformity. The Glenburnie has a prolific fauna of bryozoa and 
ostracoda; the species are not evident in the Leray and Watertown. 

In the Mississippi Valley, the bryozoa of the lowermost member of the 
Decorah formation, the Spechts Ferry shale, are similar to those of the Glen- 
burnie. The “glass rock” member at the top of the type Platteville seems 
older than the base of the type Spechts Ferry. The Guttenberg member con- 
tains a species of cephalopod similar to Gonioceras anceps Hall, a Watertown 
fossil; the ostracoda are similar to those of the overlying Ion member of 
Trenton age, though several of the typical Ion ostracods are not represented 
in the Guttenberg, and the Guttenberg has other distinct species. 
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OSTRACODA OF THE LOWER MOHAWKIAN 
BY G. MARSITALL KAY 
(Abstract) 

Studies of the ostracoda from many faunules of upper Black River and 
lower Trenton age impress one with the fact that many of the species that 
occur abundantly are found in both Black River and Trenton horizons. It 
is hazardous to consider the infrequent species as guide fossils; such species 
are given to appearing in unexpected horizons. The species Bollia unguloidea 
Ulrich seems significant ; it has been found abundantly in almost every prolific 
Trenton faunule, but no specimen has been found in a Black River faunule. 
Species of a genus similar to Steuslofia Ulrich and Bassler are common in 
faunules from several horizons and many localities. This genus has been re- 
ported in the past only from the middle Ordovician of Europe; the American 
species are quite distinct. 


At 5:30 p. m. the meeting adjourned until the next day at 10 a. m. 
At 8 o’clock the members met in the auditorium of the United States 
National Museum to hear the address of Heinrich Ries, Retiring Presi- 
dent of the Geological Society of America, on the subject: “Some Prob- 
lems of the Nonmetallics.” At 9 o'clock the members participated in a 
complimentary smoker tendered by the Washington hosts. 


SESSION OF Fripay, DECEMBER 27 
TITLES AND ABSTRACTS OF PAPERS 


At 10 a. m. Friday the reading of papers was resumed, with President 
Case presiding. The first paper presented by the author and illustrated 
with lantern slides was concerned with critical studies of certain 
Ordovician brachiopods. Discussion by Professor Schuchert. 


PIONODEMA AND BRACHIOPOD HOMEOMORPITY 
BY G. ARTHUR COOPER? 
(Abstract) 


Pionodema has been classified usually with the Plaesiomiinae but a critical 
study of its internal structure indicates it to be the forerunner of the Schizo- 
phoria group. This study also reveals several rewuarkable examples of homeo- 
morphy. Living by the side of Pionodema in Black River seas was another 
form, identical externally to Pionodema but internally like Schizophorella. 
Another homeomorph usually identified as Pionodema occurs in the Holston 
and Ottosee formations of Tennessee and proves to be a new genus. Thus 
two distinct genera have heretofore masqueraded as Pionodema. 


1 Introduced by Charles Schuchert. 
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The relationship and the large fauna of the Upper Mississippian 
Fayetteville formation were then presented. Illustrated by lantern slides 
and discussed by Messrs. Schuchert and Howell. 


FAUNA OF THE FAYETTEVILLE FORMATION 1 
BY CAREY CRONEIS 
(Abstract) 


The Fayetteville formation is overlain conformably by the Pitkin limestone 
in most places, but where the Pitkin has been removed by pre-Pennsylvanian 
erosion the Fayetteville is disconformably overlain by the early Pennsyl- 
vanian Morrow beds. The formation rests either disconformably upon the 
Boone chert, or comformably upon the Batesville sandstone where the latter 
is present. Black shales constitute the bulk of the formation, but the Wed- 
ington sandstone occurs in its upper part. The shale above the Wedington 
has a maximum thickness of 70 feet, but locally it is absent; the shale below 
the sandstone ranges from 10 to 400 feet in thickness, and is the most charac- 
teristic part of the formation. At many places there is a very fossiliferous, 
impure limestone at its base. 

The Fayetteville fauna consists of 248 species, of which about 6C are new. 
On the basis of this fauna it has been impossible to zone the formation satis- 
factorily with reference to the standard Illinoian Chester section. Some of 
the most characteristic genera of the Arkansan beds, such as Liorhynchus, 
Moorefieldelia, and Caneyella, are not known from Illinois, and the typical 
Ilinoian genera, Talarocrinus and Pterotocrinus, do not occur in the Fayette- 
ville fauna. Pentremites, abundantly represented in the Chester of Illinois, is 
rare in the Fayetteville, whereas Chonetes, which is common in the Arkansan 
beds, is very rare in the Illinoian sediments. Furthermore, the Fayetteville 
fauna is much more dominantly molluscan than the Ilinoian Chester. 


An interesting Lower Jurassic fish horizon was the subject next 
presented. Discussion by Doctor Moore. 


SIGNIFICANCE OF FOSSIL FISH FOUND IN THE LYKINS FORMATION IN 
GARDEN PARK, COLORADO 
BY WALTER H. SCHOEWE 


Attention is directed to the discovery in 1925 of the first fossil fish found 
in the Lykins formation about nine miles north of Canon City, Colorado. 
The fossil fish horizon is described and its geologic relations to the rest of 
the Lykins formation and to the overlying Morrison marls is shown in a 
detailed section measured at the place of the discovery. A survey of the 
literature shows that the Lykins formation has been assigned by investigators 
of the “Red Beds” from the Pennsylvanian up to the Jurassic. Conclusions 
are reached by the writer that the fossil fish horizon is in the Upper Lykins 
and from a study made of the fossils by Dr. R. C. Moore of the University 
of Kansas is of lower Jurassic Age. 


1 Published by permission of the Director, Arkansas Geological Survey. 


| 


204 PROCEEDINGS OF THE PALEONTOLOGICAL SOCIETY 


At this point the Society was called to order in business session by 
President Case, who asked Dr. B. F. Howell, as chairman of the com- 
mittee, to study ways and means of affording increased facilities for 
publication of paleontological papers, to report the results of his com- 
mittee’s work. Following this report a general discussion of the prob- 
lem occurred, with the result that it was voted that the committee con- 
tinue their work and report definitely next meeting as to the possibility 
of establishing a journal of paleontology. The auditing committee report 
as to the correctness of the Treasurer’s accounts was next in order. The 
reading of papers was then resumed. 

The next paper on the program presented considerable additions to 
the fauna of the Bertie waterlime where fossils hitherto were rare. 


ADDITIONS TO THE DESCRIPTION OF THE FAUNA OF THE BERTIE WATERLIME 
BY JOSEPH W. MONAHAN? 
(Abstract) 

Excepting the Eurypterida, individual fossils are of notably rare occurrence 
in the Bertie waterlime. Nevertheless, a considerable list of species from 
this formation is accumulating. The cataloging of the fossil collections of the 
Buffalo Society of the Natural Sciences enables us to lengthen this list by 
the addition of species of the following genera: Hederella (2 species) ; 
Spirorbis; Modiolopsis; Reticularia (Prosserella), Orthoceras (2 species new 
to the Bertie), Zygobeyrichia, Eukloedenclla. There have also been found, 
associated with colonies of, the dendroid graptolite Jnocaulis lesquereuai 
(Grote and Pitt), large, flattened bodies that apparently represent hollow, 
eysts of unknown function. 


The characters and systematic position of the genus Aulopora was 
then given with lantern slide illustrations. Discussion by Dr. Galloway. 


AULOPORA, A GENUS OF PALEOZOIC BRYOZOA 
BY MILDRED ADAMS FENTON 


(Abstract) 

Members of the genus Aulopora have been considered as tabulate corals. 
Their essential character—basal gemmation—is found, however, in Stomato- 
pora and Hederella, two common genera of the Cyclostomata, Aulopora, on 
the other hand, shows characters in common with the modern, fresh-water 
genus Plumatella, one of the Phylactolemata. Both genera exhibit dia- 
phragms, have the same type of growth and possess apparently similar tubes. 
The conclusion may be drawn that Aulopora is a bryozoan group, possibly 
ancestral to Plumatella. 

Problems of development in Devonian brachiopods formed the sub- 
ject next presented. Illustrated by lantern slides, with a general discus- 


sion by a number of members, 


1 Introduced by C. L. Fenton. 
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PHYLETIC: SENESCENCE AND PALEONTOLOGIC SERIES 
BY CARROLL LANE FENTON 
(Abstract) 


Current theories of phyletic senescence stress the development of gigantism 
and excrescence, and lean heavily on Buffonian inheritance. 

Several series of Devonian brachiopods, however, give evidence of purely 
physiologie phyletic senescence, involving diminution in size and reduction of 
existing characters. Modifications follow an axial gradient in both ontogeny 
and phylogeny; injury repair offers nonevolutionary evidence of progressive 
reduction in metabolic rate. A physiologic theory of phyletic senescence 
therefore is offered as one explanation for paleontologic series in which evo- 
lution is determinate and degenerative and ends in extinction. 


Dr. Fenton then presented a joint paper with Mrs. Fenton describing 
the Proterozoic alge of Glacier National Park. 


ALGAL BEDS IN THE BELT SERIES OF GLACIER NATIONAL PARK 
BY CARROLL LANE FENTON AND MILDRED ADAMS FENTON 
(Abstract) 


Several horizons in the Belt Series of the Lewis and Clarke ranges are 
marked by beds of fossil algze whose thickness ranges from two to fifty feet. 
Algal colonies are of two types, one associated with relatively pure limestones, 
the other with shaly limestones and argillites. One bed rest on a layer 
of convex and mudcrack polygons, the polygons forming the bases of attach- 
ment for algal masses. The development of algal beds is intimately asso- 
ciated with the sedimentary cycles which characterize the rocks of the Lewis 
and Clarke ranges. 


The last paper of the morning session dealt with the invertebrate 
faunas of the Michigan lower Pennsylvanian and brought forth a spirited 
discussion by Dr. Condra and others as to the occurrence of Archimedes 
in these rocks. 


LOWER PENNSYLVANIAN FAUNAS FROM MICHIGAN 
BY W. A. KELLY 
(Abstract) 


The existence of invertebrate faunas of Pennsylvanian age in Michigan 
has been known for.many years. Most of the fossils hitherto obtained and 
studied came from strata exposed in the walls of mine shafts. Recently a 
large collection has been found in a quarry near Grand Ledge, Michigan. 
The section exposed in the quarry consists of shales interbedded with sand- 
stone, coal seams, and a limestone member. Most of the invertebrate fossils 
come from the limestone member. The fauna is represented by several 
classes of invertebrates, although dominated by brachiopoda belonging chiefly 
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to the Productidwe. The species studied have a comparatively long range and 
cannot be used alone for local correlation. However, several species of those 
identified are characteristic of the lower Pennsylvanian of other regions. 


At 1 p. m. the Society adjourned for luncheon, meeting again at 2 
o’clock. 

The first paper of the afternoon session was an interesting account of 
the structure of the modern bryozoan Urnatella and its possible relation- 
ships with the Paleozoic Trepostomatous bryozoa. 


URNATELLA GRACILIS, A POSSIBLE SURVIVOR OF THE TREPOSTOMATA 
BY GEORGE B. TWITCHELL 
(Abstract) 


Urnatella gracilis is one species of one genus of one family of a very small 
class. It is only found in a limited area. Almost axiomatically it has a 
very old geological history. 

Urnatella is made up of superimposed zooecia, a structure, among bryozoans, 
limited to Urnatella and the Trepostomata. 

The diaphragms of Urnatella have the same structure as the diaphragms 
of Anisotrypa and Stenopora. 

In Urnatella, as in many of the Trepostomata, the zooecia below the ter- 
minal zooecium which houses the active living zooid have a cemplicated 
structure; cystiphragms, etcetera, in Trepostomata, fibers in Urnatella. Cysti- 
phragms arise from the cingulum; fibers in Urnatella from a special layer. 

The segments of Urnatella contain resting spores. The brown bodies of 
Cumings and Galloway are not analogous to the brown bodies of the Cheilosto- 
mata, but possibly homologous with the remains of resting spores in Urnatella. 

Either the Trepostomata were Entoproeta, like Urnatella, or they were 
primitive Ectoprocta and Urnatella was a survivor of the ancestors of the 
Trepostomata. 


Then followed a discussion of an unusual coral fauna in the Lower 
Cretaceous rocks of Texas, presented in the absence of the author by 


Mr. Cuyler. 


CORALS OF THE GLEN ROSE FORMATION (COMANCHEAN) OF CENTRAL 
TEXAS 


BY JOHN W. WELLS 
(Abstract) 


The Glen Rose formation of the Trinity division of the Comanchean of 
Texas has been commonly supposed to contain few, if any, fossil corals. 
Careful study of specimens from that formation in the collections of the 
University of Texas shows the presence of a large coral fauna, principally in 
the lower Glen Rose. Thirty-four species of corals are described, of which 30 
are new, belonging to 27 previously recognized genera and one new genus. 
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Thirty-two of the species are Hexacorals and the other two belong to the 
Aleyonaria. The fauna as a whole has a distinctly Jurassic aspect when com- 
pared with European faunas, and the one new genus seems to represent an 
archaic form more or less intermediate between the Tetracorals and Hexa- 
corals. 


An account of a recently discovered remarkable image of importance 
in the problem of the antiquity of man in North America was then 
presented by Dr. Sellards, with lantern slide illustrations. 


MALAKOFF IMAGE 
BY E. H. SELLARDS 
(Abstract) 


An account of an image found at a depth of 16.5 feet in a gravel pit near 
Cedar Creek, five miles west of Malakoff, Texas. The image is made from a 
sandstone concretionary boulder. By carving, the boulder was made to 
represent a head, eyes, ears, nose and mouth being indicated. The ears are 
carved in relief, the nose partly so. Teeth are represented by rounded, 
small-bored excavations in the under side of the mouth cavity. An excava- 
tion under the chin apparently indicates a method of supporting the head in 
an upright position. The gravel pit is above present flood-plain level. 


A warm water fauna of Pleistocene age discovered in New Jersey was 
next described by the author. Illustrated by lantern slides. 


FOSSILS FROM NEW JERSEY, INDICATING A WARM INTER-GLACIAL PERIOD 
BY HORACE G. RICHARDS 
(Abstract) 


The Pleistocene of New Jersey has been divided into three formations, the 
Cape May being the latest. This corresponds, in part at least, to the Talbot 
of Maryland. According to Salisbury and Knapp (1917) and Shattuck (1906) 
this formation was laid down in a period which corresponds to the climax 
of the last (Wisconsin) glaciation. According to Salisbury and Knapp, the 
formation is largely of subaereal origin and only partly of marine origin. 
Antevs (1928, 1929) doubts these views, and believes that the formation was 
laid down during an inter-glacial period, and that it is largely of marine 
origin. 

During the past few years various real-estate companies have leveled some 
of the marsh land on the coastal island of New Jersey; to do this they have 
pumped sand by hydraulic dredging from the bottom of the various water- 
ways back of the islands. This material was taken from 15 to 55 feet below 
the surface which is the approximate thickness of the Cape May formation, 
and was presumably from that formation. This sand thus pumped to the 
surface has been found to contain fossils mainly of mollusks, although re- 
mains of other groups including vertebrates have been found. Many of the 
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species found in these deposits are not living in New Jersey waters today, 
but are restricted to the warmer waters farther south. In a few places the 
fossils have been found in place. These data serve to support the view of 
Antevs that the Talbot-Cape May formation was laid down during an 
interglacial period, and not at the climax of the Wisconsin Glaciation as 


previously supposed. 


There was then read by title the following: 


EVOLUTION AND DISTRIBUTION OF THE GENUS PORAMBONITES 


BY CURT TEICHERT * 


LOWER JAW OF A LARGE PHYTOSAUR SHOWING THE COMPLETE DENTITION 


BY E. C, CASE 


At 3:45 p. m. the Society adjourned to meet at 4 p. m. in joint session 
with the Geological Society of America, with Dr. Case presiding. The 
following list of papers was presented by title at this session. 


STRATIGRAPHY AND THREE-FOLD OROGENY OF THE NORTHERN 
APPALACHIANS 


BY CHARLES SCHUCHERT 


SINIAN CAMBRIAN AND OZARKIAN STRATA OF SOUTH MANCHURIA 


BY CHARLES E. RESSER AND RIUJI ENDO 


NEW SPECIES OF CARBONIFEROUS AMMONITES ILLUSTRATING DOWNWARD 
EXTENSION OF THEIR GENERA IN THE PENNSYLVANIAN OF NORTH CEN- 
TRAL TEXAS 

BY GAYLE SCOTT AND FREDERIC B, PLUMMER 
PERSISTENCE OF THIN BEDS IN THE PENNSYLVANIAN OF THE NORTHERN 
MID-CONTINENT REGION 


BY G. E, CONDRA, C, 0. DUNBAR AND R. C. MOORE 


EXTINCTION OF PLEISTOCENE MAMMALS 


BY WILLIAM BERRYMAN SCOTT 


PLANS FOR EDUCATIONAL WORK OF A PHILOSOPHICAL CHARACTER AT 
YAVAPAI POINT, GRAND CANYON, ARIZONA 


BY JOHN C, MERRIAM 


1 Introduced by R. 8S. Bassler. 
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MINUTES OF THE MEETING OF THE PaAciFiIc CoAst BRANCH OF THE 
PALEONTOLOGICAL SOCIETY 


The Pacific Coast Branch of the Paleontological Society held its 
regular annual meeting on Saturday, April 13, 1929, at Stanford Uni- 
versity, Palo Alto, California, in affiliation with the Cordilleran Section 
of the Geological Society of America and the Le Conte Geological Club. 
President W. D. Matthew presided, with Herbert G. Schenck, Secretary. 


ELECTION OF OFFICERS 
The results of the election of officers for 1930 were as follows: 


President: 
WENDELL P. WooprinG, California Institute of Technology 


Vice-President: 
Bruce L. CuarKk, University of California 


Secretary: 
G. Dattas Hanna, California Academy of Sciences 


The reading of papers commenced at 9:30 a. m. and continued 
throughout the day. 


TITLES AND ABSTRACTS OF PAPERS 


JURASSIC AND CRETACEOUS RUDISTIDS FROM OREGON 
BY EARL PACKARD AND RALPH L. LUPHER 
(Abstract) 

A new Rudistid genus is found in the Upper Lias of central Oregon, a 
horizon that lies far below that of any other known Rudistid. It is a highly 
specialized, gregarious form that probably is unrelated to the Upper Jurassic 
and Cretaceous Rudistids and it is taken as the type of a new family. An- 
other new genus was found at the well-known ’49 mine locality in southern 
Oregon and is of Chico age. It is most closely related to Coralliochama, but 
it shows some extreme specializations of the gregarious habit that are appar- 
ently unknown in the entire lamellibranch group. 

Discussed by Bruce L. Clark, Wendell P. Woodring, and Hubert G. 
Schenck. 


ADDITIONAL OCCURRENCES OF FOSSIL CALCAREOUS IN PACIFIC 
COAST MARINE FORMATIONS 


BY RICHARD N. NELSON AND HUBERT G@. SCHENCK 
(Abstract) 

The formations in which fossil caleareous alge were noted previously by 
the writers (Bulletin of the Geological Society of America, volume 39, page 
266, 1928) are assigned to the Eocene and Pleistocene series. Such alge are 
Row known to occur in an upper Pliocene formation at Santa Barbara, Cali- 
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fornia, in an upper Eocene limestone in Santa Clara County, California, and 
apparently in the Whitsett limestone (Cretaceous) near Roseberg, Oregon. 
Among the genera present are Archwolithothamnion and Lithophyllum. 


Discussed by Wendell P. Woodring and R. D. Reed. 


PLIOCENE BEDS AT TIMMS POINT, SAN PEDRO, CALIFORNIA 
BY ALEX CLARK 


(Abstract) 


The clayey sands exposed at Timms Point, referred by Arnold to the 
“Pliocene.” have a maximum thickness of 29 feet. The section is divided as 
follows: 

Thickness in feet 

4. Soil and alluvium ....... 6 
3. Yellowish-gray massive muy aii, slightly coarser than 

underlying sands and containing only a few scattered 

specimens of Phacoides annulatus near base............+- 13 
. Yellowish to greenish-brown fine sand, neaenes scat- 

tered well-rounded pebbles of cherty “Miocene” shale and 

limestone. Overlaps on to “Miocene” shale southwest- 

ward. Lamellibranchs abundant, few gastropods, other 

. Yellowish massive dirty sands with gray streaks, resting 

uncomformably on greatly eroded surface of “Miocene” 

shale. Numerous bored pebbles of underlying shale and 

a few phosphatized pebbles at base. Forams extremely 

abundant in basal part, mollusks rare. Farther up mol- 

lusks become more numerous. Bryozoa abundant in places. 15 


to 


Both bed number 1 and bed number 2 carry cool-water faunas as compared 
with other “Pliocene” faunas in the vicinity of San Pedro. No well-defined 
difference in temperature facies can be seen in these two faunas. Inasmuch, 
however, as the lower zone carries some species found only south of Monterey 
at present, and inasmuch as the upper zone contains species that now are 
not found south of Oregon, the conclusion seems warranted that the lower 
zone represents a slightly warmer facies. The lower zone contains some 
distinctly northern species and the upper zone equally distinctive southern 
species. Reworking has been suggested as an explanation of these anomalies, 
but in most instances no evidence of reworking was observed. 


Discussed by C. H. Crickmay, B. L. Clark, R. D. Reed, and H. G. 
Schenck. 
RANGE AND LIMITATIONS OF SPECIES AN SEEN IN FOSSIL 
MAMMAL FAUNAS 
BY W. D. MATTHEW 
(Abstract) 


The author suggests that the principle of the “ecologie niche” as applied 
to the status of modern species may furnish a standard that can be applied 
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directly or indirectly to the delimiting of fossil species. The fauna of a single 
fossil quarry will in general represent a single ecologic niche, and the range 
in individual variation of the species found therein may well serve as a 
general standard of the variation that should be included within a single 
fossil species. 


Discussed by C. H. Crickmay, H. R. Gale, W. P. Woodring, B. L. 
Clark, H. G. Schenck, and J. P. Smith. 


FOSSIL DIATOMS DREDGED IN BERING SEA 


BY G. D. HANNA 
Discussed by B. L. Clark and R. D. Reed. 
WARM-WATER FAUNAS OF THE SO-CALLED PLIOCENE OF SAN PEDRO, 
CALIFORNIA 
BY W. P. WOODRING 


(Abstract) 


The so-cailed Pliocene deposits along the northeast slope of the Palos Verdes 
Hills, in and near the city of San Pedro, present an intricate stratigraphic 
and faunal record. 

At Hilltop Quarry, less than half a mile northwest of San Pedro, a bed 
consisting principally of calcareous alge (Lithothamnion bed) carries a 
remarkably distinct fauna of about 120 species of mollusks that has an even 
warmer facies than the upper San Pedro. A large number of these species 
are recorded only from the upper San Pedro, others only from the lower San 
Pedro of Nob Hill, and. still others have not been found elsewhere. The 
Lithothamnion bed is overlain disconformably by marl that also carries a 
varm-water fauna, though not so warm as the underlying one. 

A thick, steeply dipping section of the so-called Pliocene beds is exposed 
on Second Street in San Pedro. At the base lies an unfossiliferous glau- 
conite sand. The next higher beds exposed are dirty marls that carry a 
fauna of moderately warm facies. though slightly different from the fauna 
of the marl at Hilltop Quarry. These beds are overlain, perhaps discon- 
formably, by caleareous beds carrying a fauna of slightly warmer facies. 
Above the calcareous beds and separated from them by a considerable hiatus, 
are dirty sands that contain a distinctly cool-water fauna corresponding to the 
one found in the upper zone at Timms Point. Moreover, the underlying, 
calcareous beds are older than the lowest beds in the Timms Point section. The 
dirty sands grade upward into unfossiliferous sand overlain by cross-bedded 
sand. Exposures are not continuous between this cross-bedded sand and simi- 
lar sand underlying the gently dipping sand of the lower San Pedro at Nob Hill, 
described by Oldroyd, which is quite different from the lower San Pedro of 
Deadman Island. 

Thus, the so-called Pliocene of the San Pedro section, instead of consisting 
of a few feet of beds carrying 2 cool-water fauna, embraces hundreds of feet 
and at least two distinct warm-water faunas, and possibly four. 
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I am indebted to R. D. Reed, who is making a study of the petrography of 
the sediments of these beds, and to D. D. Hughes, who is studying the forami- 
nifera, for pointing out these localities. 


Discussed by B. L. Clark, J. P. Smith, U. 8. Grant, IV, H. R. Gale, 
C. H. Crickmay, and G. D. Hanna. 


OCCURRENCE OF RHODODENDRON IN THE TERTIARY OF WESTERN AMERICA 
BY CHARLES B. READ 
(Abstract) 


Rhododendron, a plant whose absence in the Tertiary record has for some 
time been unexplained, has been recognized as a common element in the flora 
of Surprise Valley, lower Miocene in California, and has also been found in 
collections from the Payette. The relation of these fossils to living plants of 
eastern America and a consideration of the present distribution of the genus 
indicates a Tertiary center of distribution in the present tundra area of 
Asia or North America. 


Discussed by B. L. Clark, W. D. Matthew, and R. W. Chaney. 


STRATIGRAPHIC RELATIONS OF THE TURRITELLA INEZANA AND TURRI- 
TELLA OCOYANA ZONES OF THE SANTA ANA MOUNTAINS, ORANGE 
COUNTY, CALIFORNIA. 


BY BERNARD N. MOORE 
(Abstract) 


The relation of the Turritella inezana zone to the Turritella ocoyana zone 
is well shown in the Santa Ana Mountains, Orange County. On Trabuco 
Creek, opposite the southern end of Plano Trabuco, a cliff section exposes 
some 300 feet of strata comprising the uppermost part of the T. inezana 
zone and the base of the 7. ocoyana zone, both very fossiliferous. The 
upper part of the 7’. inezana zone consists of a fine sandstone with some 
shaley and limey layers. The 7’. ocoyana zone is characterized by several thin 
conglomerate beds interbedded with fine sandstones. Both zones are con- 
eordant in dip and strike throughout the region. Evidence for a marked 
disconformity is as follows: (1) Irregularity of the contact between the two 
zones with depressions in the top of the 7. inezana zone filled with pebbles 
and cobbles of schist fragments; (2) a coarse angular conglomerate at the 
base of the 7. ocoyana zone; (8) a difference in lithology of the sediments. 
Each of the two succeeding conglomerates in the 7. ocoyana zone has an 
irregular contact at its base. The fossil content of the two zones is quite 
different. Both Turritellas are abundant, but they are not found together, 
with the exception that one specimen of 7’. inezana was found at the base of 
the 7. ocoyana zone. This specimen is regarded as a reworked fossil. 
Turritela inezana occurs within 30 feet of the contact and Turritella ocoyana 
within a few inches. 


Discussed by B. L. Clark, W. P. Woodring, and F. M. Anderson. 
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STRATIGRAPHIC DISTRIBUTION OF ARIZONA PHYTOSAURS 
BY CHARLES L, CAMP 
(Abstract) 


Recent checking of the levels of various occurrences of phytosaur remains 
in northeastern Arizona reveals the presence of a sequence of fossil horizons 
through a vertical thickness of about 400 feet in the lower portion of the 
land-laid Chinle Triassic. Phytosaur skulls from six of these horizons have 
been assigned to four species in a single genus. Characters distinguishing 
these species show some instances of gradual, progressive change in combina- 
tion with the sudden appearance of marked peculiarities. Age and sex differ- 
ences, it is believed, have been eliminated by study of a series of skulls from 
a small local area in a single horizon. It is thought that correlations may 
now be more accurately determined by comparisons with the faunal elements 
of this measured sequence in the Arizona Chinle. 


Discussed by E. L. Furlong, C. Stock, and W. D. Matthew. 


NEW OCCURRENCES OF THE PLIOCENE ANTELOPE SPHENOPHALOS IN 
EASTERN OREGON 
BY E. L. FURLONG 


Discussed by W. D. Matthew. 


CENSUS OF THE. PLEISTOCENE MAMMALS OF RANCHO LA BREA, BASED ON 
THE COLLECTIONS OF THE LOS ANGELES MUSEUM 
BY CHESTER STOCK 


Discussed by W. D. Matthew and C. Camp. 


MIOCENE OYSTERS OF CALIFORNIA 
BY A, J. TIEJE 


(Abstract) 


This study is handicapped for the present by inability of access to original 
types. Forms from near the original localities have, however, been studied 
for two years. Tentatively accepted are the following: Ostrea atwoodi Gabb; 
Ostrea bourgeoisii Remond ; Ostrea eldridgei Arnold; Ostrea howelli Wiedey ; 
Ostrea panzana Conrad; Ostrea titan Conrad; Ostrea titan corrugata Nom- 
land; Ostrea subjecta Conrad is not accepted. If Ostrea lurida Carpenter 
occurs, it must be rare and localized. In the restricted Vaqueros the writer 
finds a large oyster, which is probably the unpublished Ostrea vaquerosensis 
Loel; it is not Ostrea titan Conrad. In the Temblor-Topanga also occurs a 
rather large oyster which differs from the Vaqueros form, but which is dis- 
tinguishable with difficulty, if at all, from Ostrea titan Conrad. In the 
writer’s forthcoming study no old species will be thrown aside and no new 
species advanced without thé validation of at least three other paleontological 
authorities on the invertebrates of the California Miocene. On this basis one 
new species will be tentatively proposed. 
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TERTIARY MAMMALIAN FAUNA FROM THE UPPER CUYAMA DRAINAGE 
BASIN, CALIFORNIA 


BY CHARLES L. GAZIN 
(Abstract) 


Mammal-bearing beds occur in the upper part of the Cuyama drainage 
system, west of Mount Pinos and south of the San Andreas Rift, in northern 
Ventura County. The deposits lie near the top of the formation tentatively 
recognized as the Monterey. Among the determinable forms in the fauna are 
horses, merycodonts, squirrels, pocket mice, and rabbits. The age of the fauna 
is Miocene. The assemblage is certainly later than the Tecuja Canyon fauna. 
It differs also from the fauna of the Merychippus Zone and shows resem- 
blance to the Barstow and Mint Canyon stages. 


Discussed by C. Camp, W. D. Matthew, and J. H. Maxson. 


NEW FAUNAL HORIZONS IN JURASSIC AND TRIASSIC OF THE PILOT 
MOUNTAINS, MINERAL COUNTY, NEVADA 


BY SIEMON MULLER 
(Abstract) 


The marine invertebrate fossils collected from the argillaceous, somewhat 
slaty, limestones in New York Canyon and at other localities in Volcano and 
Santa Fe mining districts in the Pilot Mountains, Nevada, represent two 
stratigraphic units. The stratigraphically lower formation can be correlated 
with that of the Sevatic substage (Sevatische Unterstufe) of the Noric 
(Upper Trias) of Hallstaat in the Alps. The upper formation which is sepa- 
rated from the underlying Triassic rocks by a fault has a typical lower 
Jurassic (Liassic) fauna within which are recognized four distinct zones. 


Discussed by J. P. Smith. 


TERTIARY MAMMALIAN FAUNA FROM THE MINT CANYON FORMATION OF 
SOUTHERN CALIFORNIA 


BY JOHN H. MAXSON 
(Abstract) 


The Mint Canyon formation, which is exposed in Mint Canyon and ad- 
jacent areas on the north side of the Santa Clara Valley (southern Cali- 
fornia) about midway between the Los Angeles Basin and the Mojave Desert, 
has yielded a fauna containing a peccary, merycodont antelopes, camels, 
mastodons, a rhinoceros, and horses. Among the forms represented is a new 
species of camel of the genus Miolabis, of which the genotype, Miolabis trans- 
montanus (Cope) from the Mascall middle Miocene of Oregon, is the only 
form previously described from the Pacific Coast region. Represented also 
in the collection is a horse comparable in stage of development to Hipparion 
mohavense Merriam, The Mint Canyon fauna is closely related to that of the 
upper Miocene Barstow formation of the Great Basin Province. The Mint 
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Canyon formation is unconformably overlain by marine deposits mapped by 
W. S. W. Kew as “Modelo?” and which are regarded by W. P. Woodring as 
approximately equivalent to the Cierbo formation of the San Pablo section. 
Thus Hipparion is recorded from a horizon considered as upper Miocene. 


Discussed by C. L. Gazin, W. D. Matthew, J. P. Smith, and B. L. 
Clark. 


ORIGINS OF THE MARINE TERTIARY FAUNAS OF THE PACIFIC COAST 
BY BRUCE L. CLARK 
(Abstract) 


The paper discusses the application of the principles of geographical distribu- 
tion to the marine Tertiary faunas of California, Oregon, and Washington. 
During the Eocene there appear to have been fairly close connections with 
the Caribbean province, and this in turn with Europe. The lower and 
middle marine Oligocene faunas of the Pacific Coast show very little, if 
any, affinity with the Oligocene faunas of the Gulf region. No Oligocene 
deposits have been recognized for a certainty in northwestern South America 
or in the region of the Isthmus. Apparently these areas stood high and the 
fauna of the Caribbean basin was isolated from that on the Pacific Coast. 
With the opening of Vaqueros times connections between the Caribbean 
and the Pacific Coast provinces had again been established and Caribbean 
genera and closely related species appeared in considerable numbers in the 
California Coast Range province. This connection apparently was maintained 
until near the end of Pliocene time. At various times during the Miocene and 
Pliocene new faunal elements appeared in the Coast Range province that did 
not come from the Caribbean, but rather from the Asiatic or Arctic provinces. 
At the present time the difference between the molluskan fauna of the west 
side of the Isthmus of Panama and that on the east is probably not greater 
than would be produced by isolation during a period of time comparable to 


the Pleistocene. 


Discussed by W. D. Matthew. 
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WAGNER, CARROLL M., 2520 Wilshire Building, Los Angeles, Calif. 

WALTER, OTTO F., 1764 Lincoln Avenue, St. Paul, Minn. 

WANILEssS, H. R., 241 Natural History Building, University of Illinois, Urbana, 
Til. 

WarrEN, PerciIvAL S., University of Alberta, Edmonton, Alberta. 

WARTHIN, ALDRED Scort, Jr., Vassar College, Poughkeepsie, N. Y. 

WEAVER, CHARLES E., University of Washington, Seattle, Wash. 

WELLER, J. MARVIN, State Geological Survey of Illinois, Urbana, II. 

WERNER, COURTNEY, 5505 Cates Avenue, St. Louis, Mo. 

WETMORE, ALEXANDER, U. S. National Museum, Washington, D. C. 

WHITCOMB, LAWRENCE, 20 Hawthorne Avenue, Princeton, N. J. 

WHITE, Davin, U. S. Geological Survey, Washington, D. C. 

WHIrtney, F. L., University of Texas, Austin, Texas. 

WIEDEY, LIONEL W., Box 761, Palo Alto, Calif. 

WIELAND, G. R., Yale University, New Haven, Conn. 

WILLARD, Braprorp, Department of Geology, Brown University, Providence, 

WILLIAMs, Merton Y., University of British Columbia, Vancouver, B. C. 

WiLuiAMs, JAMES STEELE, 103 Geology Building, University of Missouri, Co- 
lumbia, Mo. 


WIison, ALICE E.. Victoria Memorial Museum, Ottawa, Canada. 


Witson, CHARLES WILLIAM, Jr., Graduate College, Princeton University, 
Princeton, N. J. 

WING, Monta F., 1012 Chapin Street, Beloit, Wis. 

WINSTANLEY, J. B., Goodyear Tire and Rubber Company, 24th and Blake 
Streets, Denver, Colo. 

WINTON. W. M., Texas Christian University, Fort Worth, Texas. 

Woop, Horace E., 2p, Geology Department, New York University, Washington 
Square, New York City. 

Wooprinc, WENDELL P., California Institute of Technology, Pasadena, Calif. 

Woorrorp, ALFRED O., Pomona College. Claremont, Calif. 
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NEW MEMBERS 


ANDEREGG, FRED, Box 401, University, Va. 

BARBAT, WILLIAM FRANKLIN, % Standard Oil Co. of California, Bin XX, Taft, 
Calif. 

Botton, BEATRICE E., Geological Department. Cornell University, Ithaca, 
2. 

Brown, ROLAND WILbUR, U. S. Geological Survey, Washington, D. C. 

CASTER, KENETH E., Paleontological Laboratory, Cornell University, Ithaca, 

Cuvurcu, C. C., 79 New Montgomery Street, San Francisco, Calif. 

CULLISON, JAMES 8., Missouri School of Mines, Rolla, Mo. 

CUYLER, Robert H., Department of Geology, University of Texas, Austin, Tex. 

Deo, Davin, Department of Geology, Washington, University, St. Louis, Mo. 

Enbo, Rivgt, Manchuria Teachers College, Mukden, Manchuria, China. 

GALE, Hoyt RopNEy, 1775 Hill Drive, Eagle Rock, Los Angeles, Calif. 

Hircucock, MARGARET RANDOLPH, The Fall Field, Proffit, Va. 

JOHNSON, HELGI, Bishop Place, New Brunswick, N. J. 

MERRIAM, CHARLES W., Department of Paleontology, University of California, 
Berkeley, Calif. 

READ, CHARLES B., Department of Paleontology. University of California, 
Berkeley, Calif. 

REYNoLDs, T. E., Department of Paleontology, University of California, Berke- 
ley, Calif. 

SANForD, JOHN THERON, Buffalo Museum of Science, Buffalo, N. Y. 

SMISER, JEROME STANDLEY, Graduate College, Princeton University, Princeton, 
N; a. 

STERNBERG. CHARLES M., Geological Survey of Canada, Ottawa, Canada. 

Stirrton, R. A., Department of Paleontology, University of California, Berke- 
ley, Calif. 

TURNER, EArt H., Department of Paleontology, University of California, 
Berkeley, Calif. 

Woop, ALBERT ELMER, 4 South Reunion Hall, Princeton, N. J. 


NEW CORRESPONDENT 
Tr. JAN Korina, Barrandeum, Narodni Museum, Prague, Czechoslovakia 


CORRESPONDENTS DECEASED 


BuckMAN, S. S., Esq. Died Feb. 26, 1929. KoKEN, E. Died Noy. 24, 1912. 
DEpERET, Pror. CHARLES. Died April, 1929. Woopwarp, Dr. H. Died Sept. 6, 1921. 
NATHORST, Dr. A. C. Died Jan. 20, 1921. 


MEMBERS DECEASED 


ARMSTRONG, EpWIn J. Died Jan. 21, 1925. CrozeL, GEorGE. Died October, 1921. 


BARRELL, JOSEPH. Died May 4, 1919. Dat, W. H. Died March 27, 1927. 
BELANSKI, CHARLES H. Died April 30, 1929. DEAN, BASHFORD. Died Dec. 6, 1928. 
BILLINGS, W. R. Died March 1, 1920. DERBY, ORVILLE A. Died Nov. 27, 1915. 
Bostwick, THOMAS A. Died April, 19238. EASTMAN, CHAS. R. Died Sept. 27, 1918. 
CALVIN, SAMUEL. Died April 17, 1911. FONTAINE, WM. M. Died April 30, 1913. 
CLark, WM. B. Died July 27, 1917. GILL, THEODORE N. Died Sept. 25, 1914. 


CLARKE, JOHN M. Died May 29, 1925. GORDON, ROBERT H. Died May 10, 1910. 
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HAMLIN, HOMER. Died July, 1920. SPRINGER, FraNk. Died Sept, 22, 1927. 
HARPER, GEORGE W. Died Aug. 19, 1918. TELLER, EvGar E. Died July 19, 1923. 


Hawver, J. C. Died May 15, 1914. 
KNOWLTON, FRANK H. Died Noy. 21, 1926. 
LAMBE, L. M. Died March 12, 1919. 
LEE, WILLIS T. Died June 17, 1926. 
Lusk, RALPH G, Died July 27, 1927. 
LUTHER, D. D. Died Dec. 17, 1923. 
Lyon, Victor W. Died Aug. 17, 1919. 
MARTIN, BRUCE. Died Dec. 23, 1919. 
MATTHEW, GEO. F. Died April 17, 1925. 
Moopy, W. L. Died Oct. 9, 1920. 
Prosser, C. S. Died Sept. 11, 1916. 
SEELY, HENry M. Died May 4, 1917. 


Died April 8, 1927. 
VAN INGEN, GILBERT. Died July 7, 1925. 
VoGDES, ANTHONY W. Died Feb. 8, 1923. 
WaLcorr, CHARLES D. Died Feb. 9, 1927. 
WARING, CHARLES A, Died Nov. 5. 1918. 
WEINZIERL, Mrs. JOHN F, Died Sept. 28, 
1928. 

WELLER, Stuart. Died Aug. 5, 1927. 
WILLIAMS, Henry S. Died July 31, 1918. 
WILLISTON, S. W. Died Aug. 30, 1918. 
WixLson, Herrick E. Died Jan. 24, 1925, 
WHITTAKER, Epw. J. Died Sept. 14, 1924, 


TWITCHELL, M. W. 
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PROCEEDINGS OF THE TENTH ANNUAL MEETING OF THE 
MINERALOGICAL SOCIETY OF AMERICA, HELD AT 
WASHINGTON, D. C., DECEMBER 26 AND 27, 1929. 


Frank R. Van Horn, Secretary 
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Session oF THurspAY AFTERNOON, DECEMBER 26 


The Mineralogical Society of America held its tenth annual meeting 
on December 26 and 27, 1929, in conjunction with the Geological So- 
ciety of America, at the Wardman Park Hotel, Washington, D. C., on 
Thursday, December 26, at 2 p.m. President A. L. Parsons called the 
regular annual meeting to order. On motion of the Secretary, the read- 
ing of the minutes of the last annual meeting was dispensed with, in 
view of the fact that they have been printed on pages 95-107 of volume 
14, number 3, of the American Mineralogist. 


ELECTION OF OFFICERS AND FELLOWS 


The Secretary announced that 171 ballots had unanimously been cast 
for the officers as nominated by the Council. For Fellows there was a 
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unanimous vote of 73 ballots in the affirmative. All officers and Fellows 
as nominated were declared elected. The officers for 1930 are the fol- 
lowing : 


President, Herpert E. MERWIN 
Geophysical Laboratory, Washington, D. C. 


Vice-President, JOHN E. WoLrr 
Pasadena, Calif. 


Secretary, FRANK R. VAN Horn 
Case School of Applied Science, Cleveland, Ohio 


Treasurer, ALBERT B. PECK 
University of Michigan, Ann Arbor, Mich. 


Editor, F. Hunt 
University of Michigan, Ann Arbor, Mich. 


Councilor 1930-1933, F. 
Columbia University, New York City : 


The Fellows elected follow: 


Dr. GrecorI AMINOFF, Director of the Mineralogical Department of the State 
Museum of Natural History, Stockholm, Sweden. 

Dr. Ciirton S. Cornett, Geologist, The Gulf Oil Company, 21 State street, New 
.York City. 

Epwarp P. HENpDERSON, Assistant Curator of Applied Geology, U. S. National 
Museum, Washington, D. C. 

Dr. Joun T. LONSDALE, Professor of Geology, Texas Agricultural and Mechani- 
eal College, College Station, Texas. 

Dr. J. F. ScHAIRER, Physical Chemist, Carnegie Institution of Washington, 
Geophysical Laboratory, Washington, D. C. 

Dr. STEPHEN RicHarz, Professor of Geology, St. Mary’s College, Techny, III. 

Prof. Hyrum ScHNE DER, Associate Professor of Geology, University of Utah, 
Salt Lake City, Utah. 

Dr. Max N. Snort, Assistant Geologist, U. S. Geological Survey. United 
States Geological Survey, Washington, D. C. 

Dr. Harry VON ECKERMAN, Lecturer in Mineralogy and Petrology at the 

University of Stockholm, Sparreholm, Sweden. 


REPORT OF THE SECRETARY 


The Secretary reports that the roll of the Society now comprises 114 
Fellows and 274 members in good standing. One Fellow and 27 mem- 
bers have been dropped from the mailing list for nonpayment of dues, 
so that there is a net gain of 8 Fellows and 39 members for the year. No 
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deaths have been reported during the year. In addition to the 388 
Fellows and members, there are also 199 subscribers to the American 
Mineralogist; so that there are 587 paid copies of the journal of the 
Society mailed monthly, which is a gain of 61 copies over the previous 
year. Fifty-one Fellows, 34 members and 20 guests registered at the 
meetings, making a total of 105. There were 35 scientific papers pre- 
sented at the various sessions of the Society. 


REPORT OF THE TREASURER 


The Treasurer, A. H. Phillips, read his report, which showed a very 
favorable balance. On motion, the report was accepted, ordered filed, 
and an Auditing Committee was appointed by the President. This 
committee, consisting of P. F. Kerr and M. W. Senstius, later reported 
to the Secretary that they found the books of the Treasurer correct. 


REPORT OF THE EDITOR 


The Editor, W. F. Hunt, read his report which, on motion was 
accepted and ordered filed. During the year 37 individuals have con- 
tributed one or more of the 47 leading articles totaling 396 pages. These 
contributions have come from 22 different universities, research bureaus 
and technical laboratories. In addition to the leading articles the cur- 
rent volume contains 93 pages devoted to book reviews, reports of pro- 
ceedings of societies, abstracted accounts of new mineral names and 
other items of general interest including numerous short articles. The 
complete volume contains 489 pages with 103 illustrations. 


REPORT OF THE COMMITTEE ON NOMENCLATURE AND CLASSIFICATION OF 
MINERALS 


W. T. Schaller, chairman, read a report which in general stated that 
the committee, consisting, of C. S. Ross, E. T. Wherry, and himself, 
believed that in view of the approaching conclusion of work on a new 
edition of Dana’s System of Mineralogy, and also to the fact that the 
XVI International Geological Congress was to meet in the United 
States in 1932, with the probability that many mineralogists from 
abroad would attend, that a new committee should be appointed to 
consider the situation and see if some cooperation and international 
agreement could be secured on spelling and nomenclature. It was moved 
and carried to adopt the recommendation of the committee. The Presi- 
dent appointed the following: W. T. Schaller, chairman; W. F. Foshag, 
E. S. Larsen, T. L. Walker, E. T. Wherry, and A. N, Winchell. 
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REPORT OF THE REPRESENTATIVE ON THE NATIONAL RESEARCH COUNCIL 


The representative of the Society, W. T. Schaller, gave a brief sum- 
mary of the work of the National Research Council and some of its 
committees during the year. 


REPORT OF THE DELEGATES TO THE FIFTEENTH INTERNATIONAL GEO- 
LOGICAL CONGRESS AT PRETORIA, SOUTH AFRICA 


T. L. Walker read a brief report stating that the Congress met in 
Pretoria, South Africa, from July 29 to August 7, 1929. There were 
about 350 delegates from 48 different countries. The excursions before 
the Congress started around Cape Town on July 16, and most of those 
after the Congress finished about August 22. The delegates of the 
Society were E. P. Henderson, A. H. Phillips, F. R. Van Horn, and 
T. L. Walker. 


NEW BUSINESS 

It was moved and carried that the congratulations and best wishes 
of the Society be extended to our Honorary President, Professor Edwin 
8S. Dana, New Haven, Connecticut, on having attained his eightieth 
birthday on November 16, 1929. 

It was also moved and carried that the Society show its appreciation 
to its retiring Treasurer, Professor Alexander H. Phillips, by a rising 
vote of thanks. 


PRESENTATION OF PAPERS 


At 2:55 p. m., there being no further business and no memorial 
biographies, the presentation of scientific papers was taken up according 
to program, as follows: 

FIRST TEN YEARS OF THE MINERALOGICAL SOCIETY OF AMERICA 
BY E. H. KRAUS 
BIOLOGICAL APPLICATION OF PETROGRAPHIC METHODS 


BY C. B. SLAWSON 


MINERALS OF THE SYSTEM Cu-Fe-8 


BY R. H. LOMBARD AND H. E. MERWIN 


RAPID SPECIFIC GRAVITY DETERMINATIONS WITH CLERICI SOLUTION 


BY K. K. LANDES 
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HUEBNERITE FROM THE MOCASSIN MOUNTAINS OF MONTANA 


BY D. J. FISHER 


At 3:55 p. m., with Vice-President Edward Wigglesworth in the 
chair, the Society adjourned to attend the joint session with the Geologi- 


cal Society. 


JOINT SESSION WITH GEOLOGICAL SocrETY OF AMERICA, DECEMBER 26 


1e Mineralogical Society of America held a joint sessi i e 
The M logical Society of A held a joint session with th 
Geological Society of America at 4 p. m., Thursday, December 26, in the 
theater of the hotel. Prof. Arthur L. Parsons, of the Mineralogical 
Society delivered his presidential address, “‘Iridescent color in peris- 
terite.” which will be published in the March number of the American 
Mineralogist. During the remainder of the afternoon, papers of the 
Geological Society of a mineralogical and petrographical nature were 
presented, with A. L. Parsons in the chair. The joint meeting adjourned 


at 6 p. m. 


SEssION OF FripAy MorNING, DECEMBER 27 


At 9:20 a. m. President Parsons called the second session of the 
Society to order, and the reading of scientific papers proceeded accord- 
ing to program: 

PRESENTATION OF PAPERS 


SEPARATION OF MICA FROM SAND BY ROSENBUSCH’S “CARDBOARD 
METHOD” 


BY C. E. MILLER 
DATA CONCERNING DECREPITATING MINERALS 


BY C. E. MILLER AND B. C. GETCHELL 


LANTERN SLIDES IN NATURAL COLORS FOR DEMONSTRATING GEOLOGY 
AND MICROSCOPICAL PETROGRAPHY 


BY J. E, WOLFF 
SYMPOSIUM ON CLAYS 


At 10:10 a. m. the regular program of the Society was interrupted 
and those present listened to a joint program on clays consisting of 
papers taken from the programs of both Mineralogical and Geological 
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Societies. This symposium was presided over by President A. L. Par- 
sons and Vice-President Edward Wigglesworth of the Mineralogical 
Society. 


REVIEW OF PRESENT KNOWLEDGE OF CLAY MINERALS 
BY C. S. ROSS AND P, F. KERR 
A Geological Society paper. 
RESULT OF X-RAY AND MICROSCOPIC EXAMINATION OF SOIL COLLOIDS 
BY S. B. HENDRICKS AND W. H. FRY? 
A Geological Society paper. 
STAINING AS AN AID IN THE DETERMINING OF CLAY MINERALS 
BY H. E. MERWIN 
A Mineralogical Society paper. 
KAOLINITE FROM A BROOKLYN SUBWAY TUNNEL 
BY P. F. KERR 
A Mineralogical Society paper. 
WHITE CLAYS OF SOUTHERN OHIO 
BY L. G. WESTGATE 
A Geological Society paper. 


MINERALOGY OF SOME DEPOSITS OF KAOLINIZED VOLCANIC ASH FROM 
THE SLATE BELT OF NORTH CAROLINA 


RY J. L. STUCKEY 
A Mineralogical Society paper. 
CHINA CLAY DEPOSITS AT SAINT AUSTELL, CORNWALL, ENGLAND 
BY F, R. VAN HORN 


A Mineralogical Society paper. 


PETROGRAPHY OF THE WEATHERED ZONES OF GLACIAL DEPOSITS 


BY V. T. ALLEN 


A Geological Society paper. 


1Introduced by C. S. Ross. 
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At 12:22 p. m., after finishing all clay papers of both Societies, the 
regular program of the Mineralogical Society was resumed. 


DOUBLE VARIATION METHOD OF MINERAL DETERMINATION 


BY R. C. EMMONS 


FEDEROW UNIVERSAL STAGE FOR DETERMINING THE OPTICAL PROPERTIES 
OF MINERALS, ESPECIALLY IN SECTIONS OF ROCKS 


BY J. E. WOLFF 


At 12:58 p. m. the Society adjourned for lunch. 


SESSION oF FripAY AFTERNOON, DECEMBER 27 
At 2:12 p. m. President Parsons called the third session of the 
Society to order, and the reading of papers continued : 
PRESENTATION OF PAPERS 
CRYSTAL STRUCTURE OF TETRADYMITE 


BY L. S. RAMSDELL 


FLINTS AND JASPERS FOUND IN THE DISTRICT OF COLUMBIA IN 1929 


BY E. C. PALMER 


DUMORTIERITE FROM IMPERIAL COUNTY, CALIFORNIA 


BY J. E, WOLFF 


TABULATION OF THE ALUMINIUM SILICATE MINERALS, REVISED 
BY E. T. WHERRY 
TWO NEW MINERALS FROM THE LAKE SUPERIOR IRON DISTRICT 


BY E. H. KRAUS, W. SEAMAN, AND C. B, SLAWSON 


REPLACEMENT OF WOLFRAMITE BY SCHEELITE IN A CORNISH TIN VEIN 


BY F. R. VAN HORN 


ORIGIN OF BORON DEPOSITS OF WESTERN UNITED STATES 


BY W. F. FOSHAG 


SOME DISCREDITED AND DOUBTFUL ORE MINERALS 
BY M. N. SHORT 
Read by title. 
MINERALOGY OF THE NEW ENGLAND PEGMATITES 


BY E. K. GEDNEY 
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BERYLLIUM ORES IN NEW ENGLAND 


BY E. K. GEDNEY 


DISTRIBUTION OF CRYSTALS AMONG THE 32 SYMMETRY CLASSES 
BY A. F. ROGERS 
Read by P. F. Kerr. 
PLEA FOR THE IMPROVEMENT OF THE NAMES OF THE CRYSTAL FORMS 


BY E. T, WHERRY 


EUHEDRAL MAGNESITE CRYSTALS FROM WINKLER COUNTY, TEXAS 


BY J. T. LONSDALE 


CRYSTALLIZED MINERALS IN A METEORITE 


BY A. C. HAWKINS 


GENESIS OF THE PEEKSKILL EMERY DEPOSITS 
BY J. L. GILLSON 


OCCURRENCE OF BERYLLIUM IN THE ZINC DEPOSITS OF FRANKLIN, 
NEW JERSEY 


BY CHARLES PALACHE AND L, H. BAUER 
Read by H. Berman. 


TYPES, OCCURRENCE, AND PROBABLE ORIGIN OF TEXAS CELESTITE 


BY L. S. BROWN 


NEW REPORT ON THE BARRINGER HILL DISTRICT OF TEXAS 


BY L. S. BROWN 


NEW DATA ON SOME FRANKLIN, NEW JERSEY, MINERALS 
BY L. H. BAUER AND HARRY BERMAN 


PECULIAR BLUE-GREEN AMPHIBOLE FROM THE METAMORPHIC FORMATION 
OF THE EASTERN MESABI RANGE, MINNESOTA 


BY STEPHEN RICHARZ 
Read by title. 
VOTE OF THANKS 


The last paper was finished at 6:15 p. m., after which it was moved 
that the thanks of the Society be extended to the local committee, and 
to the authorities of the United States National Museum for their kind- 
ness and hospitality. This was seconded and unanimously adopted, after 
which the Society adjourned. 
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INTRODUCTION 


In a presidential address delivered before this Society not long ago, 
the former speaker divided such addresses into two groups. ‘T’o the one 
belonged those in which the retiring president sought to develop some 
favorite theory of his own; to the other those which in general treated 
of the progress of some particular science or branch thereof. 

The address which I have to present this evening belongs, I believe, 
to the second group, although I may trespass slightly on the field of the 
first by suggesting a few ideas for your consideration. If they arouse 
discussion, so much the better, as it may lead more rapidly to a true 
solution of some of the problems referred to. 

I make no apologies for the selection of my topic, because it represents 
a field in which my interests lie, but it is unfortunately one in which, as 
a whole, few specialists have become interested. 

I think it will be generally admitted that no branch of geologic 
science has attracted more interest than that of economic geology; but 
looking back over a period of 50 years, one can not fail to note the 
unequal attention which the major subdivisions of this field—the metals 
and nonmetals—have received. The reasons for this are, I think, more 
or less evident. 

It would seem that ores, with their metallic luster, and their greater 
market value per unit weight, possess a stronger attraction than the 
more modestly appearing, but often less dispensable, nonmetallics. 

We can, for study purposes, lay down certain principles relating to 
ores as a class, which can not be done with nonmetallics. The latter, 
therefore, involve a series of separate and distinct problems. 
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In many colleges the work of instruction has in the past often over- 
emphasized the metallics, although in recent years this condition has 
been remedied to a considerable degree. No doubt this stressing of the 
ores may have been due to the fact that the chief demand for a knowledge 
of economic geology was in the ore-mining industry. 

When, however, geologic problems in the nonmetallic field have 
assumed an importance because of their bearing on the search for new 
supplies or their influence on conditions governing accumulation and 
occurrence, etcetera, then there has been at once a demand for the 
scientific worker. 

No more striking example of this is to be found than in the field of 
petroleum geology, which has attracted many geologists in recent years, 
and resulted in the publication of numerous research papers containing 
data of great value. In other words, research receives assistance more 
readily when its practical value is demonstrated. 

The fact that the nonmetals present so many separate and individual 
problems has also tended toward the development of specialists, who 
sometimes lack familiarity with the other branches of the field, and may 
even be little interested in them. 

Indeed, this specialization in the nonmetallics has become so intensive 
that it is reflected in the organization of societies whose activities cover 
but one branch of the subject, and in the publication of equally special- 
ized journals. Regardless of whether such extreme specialization is 
desirable or not, it leads to the inference that there is probably no 
broader field than that of nonmetallic economic geology; and the 
geologist who desires to keep in touch with all phases of it finds his time 
well occupied. 

The commercial importance of the nonmetals is also well shown by 
the fact that the annual production of them, exclusive of coal, oil and 
gas, is equal to that of the metals, while including them it is about four 
times greater. 

Needless to say, this ranking position is due to their tremendous im- 
portance in the industrial world, that is, in the chemical, metallurgical 
and structural industries, as well as in agriculture. Indeed, at the pres- 
ent day, a number of-commonplace, nonmetallic materials have reached a 
position of industrial and commercial importance equal to or greater than 
that of a number of metals: but, true as this is, the fact is little adver- 
tised. 

Examination of the literature also shows the limited attention received 
by many of the nonmetals, especially those other than the mineral fuels, 
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and comparison of the number of papers published in 1914 with 
those in 1925-26, as contained in the Bibliography of North American 
Geology, brings out several interesting facts. : 


Number of papers 


1914 1925-26 
Per cent Per cent 


May I suggest that this neglect of the nonmetals, aside from coal and 
oil, is hardly deserved in view of the many interesting problems which 
they present, and which may be fully as varied as those of the metals. 
An important difference is that, in the case of the ores, the work of 
magmatic waters represents a dominant process, whereas with the non- 
metals processes associated with sedimentation become prominent. 
Interpreting this last term in a broad sense involves not only a study of 
methods of transportation and deposition, but also the application of the 
principles of sedimentary petrography, physical chemistry, and biology. 

The above facts also come out clearly if we classify the annual pro- 
duction of nonmetallics on a genetic basis. The figures given are for 
the vear 1926, these being the latest available ones at the time this table 


was prepared. 


Value of Nonmetallic Products Produced in the United States in 1926, 
Grouped According to Origin 


Sedimentary deposits— 


$3,973,967,516 
Igneous rocks (exclusive of pegmatites) ..... ee ee 7,123,124 
Replacement deposits in metamorphic and sedimentary 


$4,062,371,619 
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To discuss fully all the problems of the nonmetallic mineral deposits 
would take up more time than I have any right to demand, and so all I 
can attempt here is to call your attention to some of the more important 
ones which deal particularly with origin, without attempting to explain 
them all. 

Those which deserve special mention are graphite, coal, petroleum, 
salt and gypsum, phosphate, asbestos, and clay. 


GRAPHITE 


GENERAL STATEMENT 


Although many papers on graphite have been written there is no deny- 
ing the fact that several important features of its genesis, such as the 
source of the material, method of transportation, and mode of deposition 
still remain to be cleared up. 

Remembering that we find graphite in intrusive rocks, pegmatites, 
contact metamorphic zones, veins, and regionally metamorphosed sedi- 
ments, there is probably no disposition on the part of any geologist to 
assert that all graphite deposits have originated in the same manner—a 
conclusion that is confirmed by our knowledge of the various occur- 
rences.? 

IGNEOUS ROCKS 


Where graphite is found in igneous rocks, there seems to be a general 
agreement on the part of many geologists that it may be a product of 
crystallization from the magma,’ which would seem to be confirmed by 
the fact that it is found in meteorites. cast iron, and has also been 
separated from silicate fusions.® 

The points to be settled, however, are: does the graphite found in 
igneous rocks represents an original constituent of the magma, did it 
separate out at the same time as the other minerals or later, and was it 
in solution as carbon ? 

If we reason from its presence in meteorites, there would seem to be 
no doubt that it might be of inorganic origin, and its occasional occur- 
rence in some large intrusive masses also incline one toward this view. 
On the other hand, where the intrusives penetrate graphitic, metamor- 
phosed sediments, the inorganic origin of the graphite is open to doubt. 


1E. S. Bastin: Origin of Adirondack graphite deposits. Econ. Geol., v, 1910, p. 134; 
also C. E. Tilley, Graphite rocks of Sheaford Bay, S. Australia. Ibid. xvi, 1921, p. 185. 

2 W. Lindgren: Mineral Deposits, 3d ed., p. 82; O. G. Bischof, Chem. und Phys. Geol., 
i, p. 697; C. Doelter, Handb, Mineral Chem., i, p. 88. 

3 W. Luzi: Ber. Deutsch. Chem. Ges., xxvi, 1891, p. 4085; and xxvii, 1892, p. 378. 
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In the case of the graphite, in the syenite of the Sivamala district of 
India.* the intrusive penetrates nongraphitic schists, so there is appar- 
ently no exterior source of supply. 

Turning to the Siberian graphite, which also occurs in syenite.® the 
intrusive is said to penetrate a series of metamorphics consisting of 
gneiss, schists, and limestones, the last two being of graphitic character. 
Tongues of syenite extend into the metamorphics, and inclusions of 
limestone are found in the main mass of syenite. Here there is a strong 
suspicion that the carbon may have been obtained from the schists and 
limestones; but it must have been assimilated by the magma in some 
form, because it does not occur in the svenite always as flakes but 
sometimes as segregations. 

Kemp,® in referring to graphite scales in the Adirondack anorthosites, 
also suggests their derivation from Grenville limestones. 

Without citing additional cases. it appears that there is evidence both 
for and against the carbon being an original constituent of the magma. 

So far as the age of the graphite compared with the other minerals is 
concerned, it may be noted that the flakes of graphite in the Indian 
syenite show normal relationship to the other silicates, although there is 
evidence to show that they were probably among the last minerals to 
crystallize. In the Siberian syenite it seems pretty clear that the 
graphitic segregations were a late product of crystallization, and that 
they replaced the feldspars in part. 

This same thought is expressed by Stansfield. in his description of 
some of the occurrences of graphite in gabbro near Buckingham, Quebec.* 

The next problem of whether the graphite went into solution in the 
magma as such still remains to be satisfactorily solved; and, so far as I 
know, has not received experimental demonstration. On the other hand, 
the evidence which has been brought forward to disprove it is hardly of 
a convincing character. I refer to the refractoriness of graphite. or the 
fact that it is unattacked by molted slag, or its apparent lack of assimi- 
lation by silicate melts.® the last two statements being based. on experi- 
ments made under atmospheric pressure. With high-pressure and long- 
continued heating it might behave quite differently. 


4T. Holland: Mem. Geol. Surv., India, vol. xxx, 1901, p. 171. 

5L. Jaczewski: Explorations geologique et minieres de long du chemin de fer Siberie, 
livre xi, 1899, p. 19-56. 

®°J. F. Kemp: Pre-Cambrian sediments in the Adirondacks. Amer. Assoc. Adv. Sci. 
Proc., vol. xlix, 1900, p. 157. 

7 J. Stansfield: On the origin of graphite. Can. Min. Inst., vol. xvi, 1913, p. 405. 

8 A. N. Winchell: Discussion on origin of graphite. Econ. Geol., vol. xvi, 1921, p. 494. 

®° J. Stansfield: Assimilation and petrogenesis, 1928, p. 126. 
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The alternate theory, namely, that which as we all know has been ac- 
tively advocated by A. N. Winchell,'® asumes that the carbon might unite 
with water in the magma forming CO or CO,, or both, and hydrogen, 
this taking place at temperatures above 700°C. On cooling below 500°C. 
the reaction is reversible, and the end products are water and graphite. 

Tilley": also suggests that, if magma with water comes in contact with 
carbon-bearing sediments, it would—if the temperature were above 
600°C.—oxidize the carbon, which oxides of carbon, he further believes, 
could be easily moved by water and silicate solutions under pressure, 
yielding graphite when it cooled down. 

We find an analogous situation in metallurgical practice where the 
carbon, when taken up by molten steel or iron forms a carbide of iron, 
which on cooling allows some of the carbon to separate as graphite. On 
the whole, however, we have no definite proof which way the carbon acts 
when assimilated by the magma. 

The view that graphite may be formed after most of the other 
minerals had crystallized from the magma might fit Winchell’s theory. 
Water and gases would tend to become concentrated in the last portions 
of the magma to solidify, so that the formation of graphite would take 
place toward the end of the cooling process. It would, indeed, be inter- 
esting if some experimental work could be carried on to solve some of 
these problems. 

GRAPHITE IN PEGMATITES 

Closely related to the occurrence of graphite in massive intrusive 
rocks, is its presence in pegmatites, where it forms pockets, spherulitie 
grains or lumps, and flakes or leaves. The latter have been variously 
described by such terms as: “wrapped around the component minerats 
of the rock,” “penetrating their cracks,” “cutting across single feldspar 
crystals,” and “intergrown with and penetrated by the 
Graphite crystals on orthoclase have also been noted. 

The source of the graphite and manner of deposition are similar to 
those noted for the larger intrusive masses; but if the graphite is formed 
according to Winchell’s view, we might expect it to become concentrated 
in pegmatites, because they represent the last portions of a magma to 
crystallize and hence are rich in volatile products. 

Here, too, the problems to: be solved are the source of the graphite and 
manner of deposition. 


10 A, N. Winchell: A theory for the origin of graphite as exemplified in the graphite 
deposit near Dillon, Montana. Econ. Geol., vol. vi, 1911, p. 218. 

uC, E. Tilley: Graphite rocks of Sheaford Bay, 8S. Australia. Econ. Geol., vol. xvi, 
1921, p. 185. 
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There are those who argue for its absorption from wall rocks by the 
pegmatite, or even from graphitic sediments which it has encountered 
at depth; ** but one may question whether the evidence on this point is 
always conclusive, although in cases it may be true. 

It does seem more likely that the pegmatite may have been the original 
source as, for instance, in an occurrence from Maine, described by Smith, 
where it is found locally in schist always near the pegmatite,’* accom- 
panied by tourmalinization of the wall rock. As in the intrusive masses, 
the evidence gained from examination of thin-sections seems to indicate 
that it is in part later than the silicates and quartz. 


CEYLON GRAPHITE VEINS 


Closely related to the graphite-bearing pegmatites are the so-called 
veins of graphite in Ceylon,’* which have been worked for a long time. 

These occur in gneisses, in fractures parallel to the foliation, or in 
joint planes crossing it. The walls are sharply defined, and even in the 
larger veins graphite.scales are not found in the wall rock to a distance 
of more than half an inch. In narrow ones the graphite may form 
platy needles set at right angles to the vein wall. 

Of particular significance, however, is the fact that in these veins and 
associated with the graphite we find pyrite, apatite, and plates of biotite 
cemented by graphite, feldspars whoses fractures are filled by this 
mineral, and even pyroxene crystals replaced by graphite as described 
by Adams. 

The evidence is strongly suggestive that we have here in places a 
basic pegmatite, into which the graphite was introduced later and re- 
placed the silicates or filled fractures in them. Where the graphite 
followed rock fractures, the pure graphite veins were formed. Quartz 
was, at least in part, later than the graphite. 

But the problem to be solved is: In what form the graphite was intro- 
duced. Of theories there are plenty, but of proof there is little.’* 


12H. L. Alling: The origin of graphite. Econ. Geol., vol. xvi, 1921, p. 334. And the 
Adirondack graphite deposits, N. Y. State Mus. Bull. 199, 1918. 

133G. O. Smith: Graphite in Maine. U.S. Geol. Surv. Bull. 285, 1906, p. 480. 

14 See especially: A. K. Coomara-Swamy: Quart. Jour. Geol. Soc., vol. lvi, 1900, p. 
609. F. D. Adams: Graphite deposits of Ceylon. Can. Inst. Min. Met., Bull. 168, Apr., 
1926, p. 496. E.S. Bastin: The graphite deposits of Ceylon. Econ. Geol., vol. vii, 1912, 
p. 419. 

% For various theories see: H. Moissan: Comp. rend., vol. 121, p. 538; T. S. Hunt: 
Geol. of Can., 1866, p. 222; J. Walther: Zeitschr. d. d. Geol. Gesell. vol. xli, 1889, p. 
359; E, Weinschenk: Bay. Akad. Wiss., vol. xxi, 1901, p. 298; A. N. Winchell: Econ. 
Geol., vol. vi, 1911, p. 220. 


a 


GRAPHITE 245 


GRAPHITIC EMANATIONS 


Granted that the graphite may be transported by solutions, although 
we know not in what form, there appears no reason why it should not 
leave the intrusive and migrate into the country rock, where it may be 
deposited in fractures or by replacement. 

The evidence for this is strong where the country rock is graphite- 
free. 

Judging from the published descriptions of the deposits at Dillon, 
Montana, and the study of hand specimens and thin sections, I believe 
Winchell’s ** suggestion that the pegmatite is the source of the graphite, 
to be a reasonable one. We have similar cases in the Adirondacks. 

In the Adirondacks, graphite is found in both limestones and schists 
adjoining pegmatite intrusions; and here, Alling points out, the graphite 
in the contact zone was brought up by the pegmatite from underlying, 
graphite-bearing sediments, although he admits his inability to state 
how the transfer was accomplished.*? 

In the Port Elmsley’* and Renfrew districts*® of Ontario, the 
graphite in both cases occurs in considerable quantity in limestones 
associated with contact, metamorphic silicates and not far from the 
pegmatites. Farther from the contact the limestone is free from 
graphite. 

The thin sections of the rock indicate quite clearly that the graphite 
is a replacement mineral and postdates the silicates in age. 

A similar view has recently been expressed by G. W. Bain *° for the 
deposits at Louisa, Quebec; but he further asserts that the graphite 
was introduced by silico-alkalic solutions, and followed the silication of the 
limestone, because it replaces the alteration products of the silicates, and 
hence could not have been derived from CO, of the calcium carbonate, 
as thought by some. 


GRAPHITE IN METAMORPHIC ROCKS 


No discussion of the problems of graphite should omit its occurrence 
in metamorphosed, sedimentary rocks, where it is commonly supposed 
to be derived from carbonaceous or bituminous matter in the original 


16 Loc. cit. Pe 

17H. L. Alling: The origin of graphite. Econ. Geol., vol. xvi, 1921, p. 334. 

18M. E. Wilson: Graphite in Port Elmsley district, Lanark County, Ont. Can. Geol. 
Surv. Sum. Rept., 1917, pt. E, 1918, p. 29. 

19M. E. Wilson: Graphite in the Renfrew district of Ontario. Can. Geol. Surv. Sum. 
Rept., 1919, pt. E, 1920, p. 19. 

20G. W. Bain: Graphite deposits of Louisa, Quebec. Econ. Geol., vol. xxiv, 1929, p. 
733. 
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sediments ; and while that source is usually accepted, the age relation of 
the graphite to other minerals seems to excite little attention. 

Many writers consider it to have been formed contemporaneously with 
the silicates and quartz, but I believe that careful attention to the evi- 
dence presented by the microscope indicates that it is not infrequently of 
later age than the associated minerals. 


CoaL 
MICROSTRUCTURE 


For many years most of the papers on coal dealt largely with the 
environmental conditions of its deposition, and those under which 
devolatilization accompanying the changes from lower to higher ranks 
progressed. 

In recent years, however, attention has been focused on its micro- 
structure and chemical constitution. 

The use of the microscope therefore marked a new line of investiga- 
tion, and although some of this was done by Witham as early as 1833,71 
the real advances in this interesting branch of coal study have been made 
since the development of the proper technic for making thin-sections. 

Great credit is due to the efforts of White,?* Thiessen,** and Jeffrey ** 
in this country, and Stopes,?> Wheeler, Seyler,?* and others in Great 
Britain, who by their careful and detailed microscopic work have given 
us a vast amount of information regarding the structure of coals up to 
that of anthracite rank. It opens up a line of attack which is throwing 
much light on the origin of coal, and the nature of the plants which took 
part in the process. 

Anthracite,?* however, has apparently failed to respond to sectioning, 
and it was not until Turner and Randall adopted the ingenious but 


2H. Witham: On the internal structure of fossil vegetables found in the Carbon- 
iferous and oolitic deposits of Great Britain, 1833. 

22D. White and R. Thiessen: The origin of coal. U. S. Bur. Mines. Bull. 38, 1913, 

23R. Thiessen: Structure in Paleozoic bituminous coals. Ibid., Bull. 117, 1920. The 
microscopical constitution of coal. Amer. Inst. Min. and Met. Engrs., vol. Ixxi, 1925, 
p. 35. 

24 E. C. Jeffrey: On the composition and qualities of coal. Econ. Geol., vol. ix, 1914,. 
p. 730. The mode of origin of coal. Jour. Geol., vol. xxiii, 1915, p. 218. 

25M. C. Stopes and R. V. Wheeler: Constitution of coal. Dept. Sci. and Indus. Res., 
1918. 

*°C. A. Seyler: The microstructure of coal. Amer. Inst. Min. and Met. Engrs., vol. 
Ixxi, 1925, p. 117. 

27H. G. Turner and H. R. Randall: A preliminary report on the microscopy of an- 
thracite coal. Jour. Geol., vol. xxxi, 1923, p. 306. Also, H. G. Turner: The micro- 
scopical structure of anthracite. Amer. Inst. Min. and Met. Engrs., vol. Ixxi, 1925, 
p: 
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successful method of etching a polished surface with heat that its micro- 
structure became known to us. 


CHEMICAL CONSTITUTION 


One of the most important problems which now faces modern in- 
vestigators is a more exact study of the chemical changes that take place 
in the tranformation of plant material into coal. 

The plant parts which remain at the end of the biochemical process 
in the peat bog are more or less distinctly recognizable ; but we still have 
to determine definitely the composition of the plant products remaining. 
The same applies to those left after peat has been transformed to the 
higher ranks of coal. 

A logical plan to follow is that being carried out by White and Thies- 
sen, which starts with the chemistry of the plant constituents, and 
follows this up not only through the different layers of the peat bog but 
on through the successive ranks of coal. In this way it is expected that 
the products now making up the coal conglomerate *° can be identified. 

Wheeler and his coworkers in England are adopting a somewhat 
different method of attack by separating the individual constituents or 
groups of constituents of coal, in order to compare their properties with 
similar ones of living plants. To quote Fieldner, “Modern investigations 
are laving the foundation of a new chemistry of coal based on the bio- 
chemistry of plants and chemical changes involved in processes of fer- 


mentation and decay.” *° 


Of course, there is not absolute agreement among the different investi- 
gators regarding the nature or origin of all the constituents observed in 
coal, either megascopically or microscopically; and one of the common- 
est of them, fusain,*° still remains a matter of dispute. 

While one of the objects of microscopic study is to determine the 
kinds and parts of plants which have contributed to the different types 
of coal, the extent of decay, and concentration of resistant parts, it 
should also enable us to correlate these observations with the general 
characters and behavior of the coal in use. 

It may be employed in still another manner, that is, as an aid or as 
a basis for the development of a satisfactory classification of coal. Many 
have been suggested beginning with that by Persifer Frazer, in 1879, 


28K. V. Tideswell and R. V. Wheeler: The constitution of coal. Amer. Inst. Min. and 


Met. Engrs.. vol. Ixxi, 1925, p. 176. 
294. C. Fieldner and J. D. Davis: Modern views of the chemistry of coals of differ- 
ent ranks as conglomerates. Amer. Inst. Min. and Met. Engrs., vol. Ixxi, 1925, p. 228. 
% DPD. White: Environmental conditions of coal deposition. Amer. Inst. Min. and 


Met. Engrs., vol. 1xxi, 1925, pp. 21, 24, 25, 29. 
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and followed by a number of others up to the present, but nearly all of 
them have been found to contain weak points. 

The problem is not an easy one, since no sharp line of separation can 
be drawn between the different ranks of the coal series, and also because 
of the difficulty in devising a classification satisfactory to all those inter- 
ested in this material.* 

It must be based primarily on the intrinsic chemical and physical 
properties of the coal, which, in turn, rest on its origin, composition, 
and constitution. 

FIRE CLAYS AND PARTINGS 


Any reference to coal problems would, I think, be incomplete if it 
omitted a consideration of the associated rocks or, at least, some o fthem. 

Two in particular deserve mention, namely, the thin clay or shale 
partings, and the underclays of coal. 

How to explain the origin of the thin clay or shale partings of great 
extent and uniform thickness, which in some cases cover many thousands 
of square miles, is a difficulty. 

Simple sedimentation fails to account for ** the uniform thickness, 
unless we accept the idea advanced by some that muddy water, agitated 
by winds, thoroughly distributes the sediment before it settles. The 
other most reasonable theory is that these partings are of eolian origin. 
Fine, windblown material or perhaps fine, volcanic ash makes a great 
appeal to some; and it is rather significant that the latter has been 
noticed in some of the Coal Measure clays of Alabama, while in Western 
Canada, according to E. S. Moore,** a considerable quantity of it is 
found associated with some of the most extensive and uniform beds. 

It would seem that careful petrographic study might do much to clear 
up this puzzling detail of coal accumulation. 

No less interesting is the origin of the refractory clays underlying 
many coal beds. 

The old idea that the impurities in them have been absorbed by plant 
roots should no longer have any supporters. 

Of the several theories advanced, that of Lovejoy,*‘—amplified by 
Hodson **“—which assumes that the clayey sediment floated in through 


314A. C. Fieldner: Classification of coals. Bur. Mines Circ. 6094, 1929. 

32 See discussion of paper by David White. Amer. Inst. Min. and Met. Engrs... vol. 
Ixxi, p. 22 et seq. 

33 Personal communication. 

% E. Lovejoy: Theory of Coal Measure fire clays. Jour. Amer. Ceram. Soc., vol. viii, 
1925, p. 756. 

*F. Hodson: The origin of bedded Pennsylvanian fire clays in the United States. 
Jour. Amer. Ceram. Soc., vol. x, 1927, p. 721. 
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waters highly charged with humic acids, which removed the silica and 
iron oxide, seems to be the best thus far developed. 


PETROLEUM 


GENERAL STATEMENT 


The world-wide importance of the petroleum industry, and the result- 
ing intensive and extensive search which is being carried on for the 
purpose of locating additional supplies of this valuable mineral fuel has 
naturally stimulated a desire for data which might be of service in this 
work. We are particularly anxious to determine the factors which 
govern oil genesis and accumulation, and much intensive research toward 
this end has been carried on during the past ten years or so. 

At the present time, altliough many problems are under investigation, 
several stand out as important among the unsolved ones. The first of 
these is the source beds of the hydrocarbons, a problem of such weight 
as to be deserving of study from every point of view. 


SOURCE BEDS 


Geologists have usually regarded black shales, which owe their color 
to organic matter, as being the probable source beds; and some have sug- 
gested that there should be oil in the vicinity of these provided other 
conditions for its accumulation were favorable. 

Such general reasoning may, of course, lead to error through failure to 
recognize, as White has pointed out, that the organic matter may be 
of either carbonaceous or bituminous character, due to more or less 
difference in the nature of the organic detritus present, which in turn 
may be the result of environmental conditions of deposition. 

Thus the bituminous shales, bogheads, cannels, etcetera, seem to be 
formed largely of typically aquatic organisms, including plankton, are 
richer in hydrogen, and in general appear to have accumulated in a salt 
or brackish-water environment. An exception is the so-called oil shales 
which usually indicate lacustrine conditions. 

The carbonaceous. group, on the other hand, is formed chiefly from 
terrestial land organisms, mostly vegetable, which have accumulated in 
fresh water. They are low in hydrogen and less bituminous. 

These differentiations are important to bear in mind, when consider- 
ing the possible source beds of oil. 

It is claimed by some that no commercial oil field has been located 
in an oil shale district, and hence this material could not serve as a source 
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bed. On the other hand, it is admitted that bituminous shales are probably 
source beds; but there is the added significant fact to be considered, 
namely, that the source beds are usually of marine origin, which brings 
up the problem of whether salt water may have exerted any peculiar 
influence in the decay of organic matter that would vield hydrocarbons. 

As remarked by Van der Gracht,** “If the marine muds constitute 
a source rock—and the much more bituminous lacustrine muds do 
not—there must be a reason for this difference. It may be that the 
possibly inconvertible organic matter in the marine shales is of the same 
chemical nature, or at least in the same group, as the kerogens contained 
in oil shales.” 

In an endeavor to find source beds in the making, Trask ** has sought 
to get some light on the subject by studying recent marine deposits, 
such as muds and lime oozes; but the subject is a large one, with numer- 
ous ramifications, all of which must be carefully followed before definite 
conclusions can be drawn. 

There are many factors which must be taken into consideration such 
as environmental conditions and changes of a physical, chemical or 
biological nature which may operate either before or after deposition. 


PERIOD OF OIL FORMATION 


Incidently, this leads to another idea on which the views of different 
investigators are still at variance, namely, whether the changes which 
plant matter undergoes in its transformation to petroleum take place 
during the period of sedimentation or after burial and exposure to heat 
and pressure. If the former theory is correct, oil might be found in 
very recent sediments. 

That there is some change after burial is indicated by the relationship 
existing between the gravity of oil and the rank of coal, worked out in 
such an interesting manner by Dr. David White some years ago, and now 
familiar to all. 

This relationship seems to have stood the test in a number of areas 
where both coal and petroleum occur, although some exceptions to it have 
been noted.** 


sw. A. J. M. v. W. Van der Gracht: Remarks on recent research work on the 
genesis of petroleum. Amer. Assoc. Pet. Geol. Bull., vol. xiii, 1929, p. 1221. 

37 P. D. Trask: The potential value of several recent American coastal and inland 
deposits as future sources beds of petroleum. Amer. Assoc. Petrol. Geol. Bull., vol. 
xii, 1928, p. 1057. 

33°C. E. Dobbin: Carbon ratios and oil gravities in the Rocky Mountain region of 
the United States. Amer. Assoc. Pet. Geol. Bull., vol. xiii, 1929, p. 1247. J. W. Jones: 
Carbon ratios as an index of oil and gas in western Canada. Econ. Geol., vol. xxiii, 
1928, p. 353. 
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PLANT PRODUCTS 


As in the case of coal, we still know very little regarding the products 
which are yielded by the different plant constituents during either the 
process of biochemical or dynamo-chemical decay. 

Microthermal tests, such as are being carried out by David White 
and his. coworker, Miss Stadnischenko,*® may yield most interesting 
results in connection with the origin of oil, particularly if they are made 
at different temperatures on deposits representing different stages of 
transformation. 


MIGRATION OF HYDROCARBONS 


Assuming that we have a source bed and recognize it as the locus of 
origin of the hydrocarbons, we have next to solve the problem of their 
migration. 

Did most of the oil migrate prior to the consolidation of the sediment 
or afterwards? That is a point yet to be decided. We must also find 
how far it can migrate, as well as the direction and causes of its move- 
ment, which opens up another line of research. 

Oil, gas and water move through the rocks; but, although this fact 
is recognized and such migration is known to take place, the cause of it 
still remains to be explained in a manner which is universally acceptable. 

There are, no doubt, many factors which enter into this problem, but 
their relative importance is not thoroughly understood. Gas pressure, 
viscosity of the oil, water circulation, porosity, temperatunre, pressure, 
relative adsorption of sand and clay for oil and water, etcetera, may all 
contribute to the general result. 

The problem is of vital importance from both the industrial and 
scientific standpoint, but it is an exceedingly difficult one. 


OIL POOLS AND STRUCTURE 


Much has been written regarding the relation between oil pools and 
geologic structure; but even so, our present ideas are often inadequate 
and may sometimes be misleading. This is in part due to the fact that 
the surface and subsurface structures are not always superimposed. That 
is. the high point of an arch as seen on the surface may not be under- 
lain directly by a similar high point at depth, due to a migration of the 
erest of the fold; and without proper allowance for this, incorrect con- 


*D. White and T. Stadnichenko: Microthermal studies of some “mother rocks” of 
petroleum from Alaska. Amer. Assoc. Pet. Geol. Bull., vol. xiii, 1929, p. 823; also 
vol. x, no. 9, 1926. 
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clusions may result. Moreover, the réle of sedimentation in controlling 
the nature of the oil reservoir and in guiding its reflection to the surface 
is just beginning to be appreciated. ’ 

Many data are available, no doubt, but their collection and comparison 
represents a great task in the field of sedimentary and structural 
geology. 

LIMESTONE RESERVOIRS 

While the larger proportion of the oil obtained has come from sand 
rocks in which it is commonly supposed to be present in the interstitial 
spaces between the grains, the conditions are manifestly different in lime- 
stones, which are vielding an increasing quantity of the world’s produc- 
tion. Here it is quite obvious that pore spaces in at least the older lime 
rocks are relatively few, and yet they may vield considerable oil. What 
type of cavity does it then exist in? Pores produced by dolomitization, 
joint cracks, shear zones, weathered zones of unconformity, or some other 
types ? #° 

This is but another problem which is engaging the attention of oil 
geologists, since it has an important bearing on the search for oil. 
Related to it is that of the extent to which limestone may serve as a 
source rock, a fact that is perfectly possible because of the known exist- 
ence of bituminous ones. 

While, however, the problems of petroleum geology may appear to be 
numerous and difficult, the chances of their being solved are better than 
for any other nonmetallic substance, since the work has the support of a 
powerful organization, is being carried on by efficient investigators, and 
because the results mean so much to one of the foremost mineral indus- 
tries of the world. 


AND ASSOCIATED SALINES 
THEORIES OF ORIGIN 


Readable theories regarding the origin of commercial salt and gypsum 
deposits were advanced no less than seventy years ago, and yet there is 
no genetic problem among the nonmetallics, which lies further from a 
satisfactory solution. Indeed, it may be questioned whether we have 
made much progress in the last fifteen years. 

It is interesting to note that in one of the most recent and carefully 
prepared reports on salt. that of New York State by Alling,*’ the author, 


#°W. V. Howard: A classification of limestone reservoirs. Amer. Assoc. Pet. Geol. 
Bull., vol. xii, 1928, p. 1153. 

“HH. L. Alling: The geology and origin of the Silurian salt of New York State. N. Y. 
State Mus. Bull. 275, 1928. 
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after discussing nine possible hypotheses of salt deposition, ends with the 
words: “We simply do not possess sufficient data to know how the State 
of New York got all its salt.” 

This brings out the fact that a satisfactory explanation of the genesis 
of fossil salines is a difficult task, and requires a series of data, probably 
not always available. 

Most geologists in discussing the extensive, bedded deposits of salt and 
gypsum refer to one of three theories to explain their origin, namely, (1) 
The bar theory; (2) relic sea theory, and (3) the desert or connate 
water theory. Two notable exceptions to any of the above are those of 
Stose,*? who suggests a replacement origin for both the salt and gypsum 
of southwestern Virginia, and Keyes,** who advances a theory of eolian 
accumulation of gypsum, basing his views on the extensive deposits of 
dune gypsum in the Alamogorda district of New Mexico. 

On the whole, however, the bar theory, first suggested by G. Bishof in 
1864,** and later elaborated by Ochsenius,** and the desert theory, ad- 
vanced by J. Walther,*® have claimed the most attention, although in 
recent years that of relic seas has received more recognition. 

Both of the two last-named writers have defended their theories most 
earnestly, and the published discussion ** over the relative merits of their 
views make interesting reading. 

Walther’s chief objections to the bar theory are that in most salt 
deposits we find no evidence of a bar, and that the absence of either 
animal or plant remains is clear evidence agains marine deposition. He 
does note a number of fossil occurrences in foreign gypsum deposits: 
but claims that they represent seeds, vertebrate remains and mollusks of 
land origin. He admits, however, that the salt of Wieliczka, Poland,** 
does contain well-preserved marine forms. Curiously enough, in ex- 


42.G. W. Stose: Geology of the salt and gypsum deposits of southwestern Virginia. 
Va. Geol. Surv. Bull. 8, 1913, p. 70; and U. S. Geol. Surv. Bull. 530, 1913, p. 282, 

43C, R. Keyes: Phenomenal deposit of desert gypsum. Pan. Amer. Geol., vol. xl, 1923, 
p. 289. 

44G. Bischof : Chem. und Phys. Geol., ii, 1864, p. 48. 

4K. Ochsenius: Die Bildung der Steinsalzlager und ihrer Mutteriaugensalze, Halle, 
1877. Also, Bedentung des orographischen Elemente “Barre” in Hinsicht auf Bildungen 
und veriinderung von Lagerstiitten und Gesteinen, Zeitschr. f. prak. Geol., 1893, p. 189. 

46 J. Walther: Das Geetz der Wiistenbildung in Gegenwart und Vorzeit, 2nd ed., 1912. 

47 Centralblatt Min. Geol. u. Pal., 1908, i, p. 211 et seq. 

48H. R. Goeppert: Pflanzenreste aus dem Salz-stock von Wieliczka. Neues Jarhbuch. 
Min. etc., 1853, p. 382. And Schilling: Ptinus salinus, n. sp.., in Steinsalz von 


Wieliczka, ref. ibid, 1845, p. 768. 
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plaining the origin of the Permian salt deposits of Germany, he uses 
a combination of his own and the relic sea iheories.* 

Ochsenius’ arguments consist largely of a contradiction of Walther’s 
statements, but he stresses the point that no saline lakes or desert 
deposits are known at the present day which are comparable in area to 
some of our extensive beds of rock salt. 

This objection may not be a valid one when we remember that at 
present not more than 10 per cent of the earth’s surface is covered by 
deserts, while in certain earlier periods they were far more extensive. It 
would be somewhat like saying that our coal beds could not have 
originated from peat swamps, because we have no modern ones of vast 
extent. 

In this country, Grabau has been the most active champion of the 
desert theory, using it to explain the Salina deposits of new York.°° 

If, however, he is correct in assuming that the salt came from 
Niagaran connate waters, one wonders what became of all the carbonates 
that form the Niagara limestone. Moreover, the data which he uses as 
a basis for his calculations hardly appear to be correct.** 

The theory of relic seas is deserving of more attention than it has 
received, for it may serve to explain, without much stretch of the 
imagination, how the salts could be concentrated in the lowest part of a 
large basin containing evaporating saline water, and how calcium sul- 
phate could be deposited under the salt, above it or even apart from it, 
and finally if evaporation proceeded sufficiently far precipitation of the 
more soluble salts would follow. 

It is also possible that in the evaporation of a relic sea, occupying a 
basin with very irregular floor, the different salts like those of sodium 
chloride and calcium sulphate might be deposited in separate basins as 
outlined by Branson.*? 

Moreover, as suggested by Haworth ** for the Kansas area and re- 
peated by Mansfield and Lang,** crustal movement may have tilted the 
basin so as to shift the area of precipitation from time to time, and 
thus change the usual vertical sequence of minerals deposited. 


49 Walther, J.: Lehrbuch der Geologie von Deutschland, 4th ed., 1923, Leipzig, 
p. 102. 

5° 4. W. Grabau: The origin of salt deposits with special reference to the Siluric salt 
deposits of North America. Min. and Met. Soc. Amer. Bull. 57, 1912. 

514. W. Grabau: Principles of salt deposition, vol. 1, 1920, p. 165. 

52 —. B. Branson: Origin of thick gypsum and salt deposits. Geo. Soc. Amer. Bull. 
xxvi, 1915, p. 231. 

53E. Haworth: Min. resources Kansas, 1898, p. 89. 

5¢G. R. Mansfield and W. B. Lang: Amer. Inst. Min. and Met. Engrs. Tech. Pub. 212. 
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The relic sea theory is especially used to explain the Permian salts of 
the Kansas-Oklahoma-Texas region and those of Germany. 


CONDITIONS AFFECTING DEPOSITION 


In all discussions of salt and gypsum there are, no doubt, two things 
which have interfered with a correct appraisal of conditions. 

The first is that in many cases we lack definite information regarding 
the structural details and nature of the formations associated with the 
salt deposits due to imperfect and insufficient drill records. 

The second is that Usiglio’s *° well-known and oft-described experi- 
ments on the evaporation of sea water have been accepted or quoted 
without question, on the assumption that all bodies of saline water had 
practically the same composition as the present ocean, and neglecting 
the point that variation in the relative amounts of the different salts, 
variation in temperature and concentration of the water, as well as other 
factors might materially affect the results, both as to order of deposition 
and compounds deposited. 

The effect of one salt on the solubility of another is especially im- 
portant, and is well brought out by the fact that the presence of a small 
amount of MgCl.,, for example, may greatly increase the solubility of 
calcium sulphate, and might in some instances retard its precipitation. 

The monographie work of Vant Hoff °* and his associates should warn 
against too literal an interpretation of Usiglio’s results. 

Nevertheless, the variable relation of limestone, gypsum, and anhydrite 
to the salt beds have often tended to cause confusion in the minds of 
many geologists, who have apparently expected an orderly vertical 


sequence as outlined by Usiglio. 


MIGRATION AND REPLACEMENT OF SALINES 


There are two other factors to which little attention has been given. 
One of these is the possible rearrangement of the salts by subsurface 
waters after they have been deposited; the other is the replacement of 
one salt by another subsequent to its deposition. Schaller ** has called 
attention to the latter.in his interesting work on the minerals of the 


5 J. Usiglio: Etudes sur la composition de l'eau de la Mediterranée et sur l’exploita- 
tion des sels qu'elle contient. Ann. de Chem. et de Phys., 3d ser., vol. xxvii, p. 172. See, 
also, F. W. Clarke: Geochemistry. U. S. Geol. Surv. Bull. 770, 1924. 

s¢y, H. vant Hoff: Untersuchungen uber die Bildungsverh-iiltnisse de ozeanischen 
Salzablagerungen insbesondre des Strassfurter Salzlagers, Leipzig, 1912. 

57 W. T. Schaller and E. P. Henderson: Minerals of New Mexico potash deposits. 
Min, and Met., vol. x, 1929, p. 197. 
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New Mexico potash and salt deposits, where he has, for example, noted 
polyhalite replacing gypsum and halite. This is a line of thought which 
might well be followed up. 


COMPOSITION AS RELATED TO ORIGIN 


The question has also been raised whether there is any relation be- 
tween the composition of the salt and its mode of origin, since it is sug- 
gested by Mansfield and Lang,®* that in marine salts we might expect 
a succession anhydrite, polyhalite, halite, and, finally, more soluble 
minerals, whereas in deposits from the evaporation of waters of en- 
tirely landlocked basins there would ordinarily be included considerable 
amounts of calcium or magnesium, together with borates and other salts 
not so commonly found in saline residues from marine waters. 

This idea has not, so far as I know, been tested ; but I question whether 
it would prove of much assistance, since surface streams, whose com- 
position would be seriously affected by the character of the rocks in the 
surrounding area, might materially influence the salt contents of an 
enclosed sea. 

Comparison of the analyses of brines from different inland bodies of 
saline water, such as Great Salt Lake, Caspian Sea, and Dead Sea, will 
illustrate the point.*® 

The problem of salt and gypsum deposition is an exceedingly complex 
one which, for its proper solution, must give all modifying factors 
proper weight, with no one mode of origin applicable in all cases. 
Furthermore, as in the case of other bedded marine or saline deposits, 
the origin of the contemporaneous formations must not be overlooked. 
It represents a wide field, still open for investigation. 


SALT DOMES 


Any discussion of the origin of rock salt would be incomplete without 
reference to the remarkable salt domes found in Louisiana and Texas, 
which have formed the subject of many papers during the last twenty 
years or so. 

Unlike related European structures, which clearly owe their origin to 
tectonic causes, our American domes, because of their peculiar form and 
cap rock with limestone, anhydrite, gypsum, and sulphur, have been 
assumed by many to have necessarily originated in a different manner. 


58 Loc. cit. 
8 F. W. Clark: Data of geo-chemistry. U. S. Geol. Surv. Bull. 770, 1924, pp. 157, 
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The data collected by oil geologists in recent years ®° seem to have 
brought out three facts which are exceedingly significant, namely, that 
the domes are probably deformed sedimentary deposits as indicated by 
the finding of potash *' and algal remains in at least one of them; that 
the anhydrite ®* and limestone of the cap rock are, in part at least, of 
sedimentary origin; and in one of the domes the limestone cap contains 
upper Cretaceous fossils, thus helping to place the age of the salt.** 


PHOSPHATE 
GENERAL THEORIES OF ORIGIN 


Among the sedimentary deposits of the nonmetallics the extensive 
accumulations of phosphate have given us much food for thought. 
Occurring as they do in different parts of the world, and in formations 
ranging from the Cambrian to the Tertiary, their vast extent at times 
indicates recurrent deposition under widespread conditions of a peculiar 
nature. 

Our Permian phosphates of the West—covering an area of 175,000 
square miles, over at least half of which the beds are from one to five 
feet thick, and with several beds in a section—illustrate this well. 

They represent the most extensive deposits of phosphate known, 
although those of Tunisia and Algeria also cover considerable territory. 

Aside from the bedded deposits referred to above, as well as those 
occurring elsewhere, we also note the not infrequent occurrence of 
phosphatic nodules in sedimentary beds. . 

In some cases the beds, as those of our western States and of northern 
Africa, contain considerable oily matter; lime carbonate may be present 
or absent; and gypsum is occasionally noted. 

The phosphate rock may be largely oolitic, sometimes fossiliferous, or, 
in still other instances, the phosphate may form a cement binding 
together grains of sand, clay, or even lime carbonate. The beds are 
usually of shallow-water origin, and at different localities may be inter- 
stratified with or grade into shales, limestones, marls, and sometimes 


gypsum. 


6 —, L. De Golyer: Origin of North American salt domes. Amer. Assoc.. Petrol. Geol. 
Bull. vol. ix, 1925, p. 831. 

6 E. L. De Golyer: Discovery of potash salts and fossils alge in Texas salt dome. 
Ibid., p. 348. 

62M. Goldman: Ibid., p. 42. 

67, E. Morrison: First authentic Cretaceous formation found in Gulf coast salt 
domes of Texas. Ibid., vol. xiii, 1929, p. 1065. 
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It is quite evident, therefore, that phosphate beds, occurring as one 
of a sedimentary series, present a genetic problem which may or may 
not be simple; nor does it follow that the solution is the same in all 
cases, 

It is, of course, generally recognized that sea water is the original 
source of the phosphate: and, as pointed out by Blackwelder,®* the 
quantity delivered to the present ocean by streams is sufficient to form 
a deposit of appreciable thickness. Indeed, he has estimated that the 
present annual contribution, if all precipitated, woul build a layer 
something less than one-fifth of a millimeter thick if spread out over the 
ocean bottom. If we take this at, say, one-sixth millimeter annually, it 
would mean an accumulation of about three feet in 5,400 years. 

We know that much of this is abstracted by plants and animals and 
enters into the structure of either their soft or hard parts, some requir- 
ing more than others, while the rest remains in solution in the sea 
water. 

So far no particular difficulties present themselves, but when we seek 
to find the exact cause or causes of precipitation there is some divergence 
of opinion. 

Was any of it precipitated directly ; or was it first taken up by various 
organisms and then, when set free by their death and decay, precipitated 
at once on the sea floor? 

In the former case, the phosphate might be precipitated directly as 
such or replace calcareous or even aluminous material on the ocean 
bottom. 

In the latter, two different theories have been appealed to, namely, 
(1) The rapid accumulation of dead organisms on the sea floor due a 
sudden extinction of ocean life, a condition that has been recorded 
several time ;* or (2) the gradual accumulation of dead organic remains 
on the bottom of the ocean. 

In addition it seems true that many of these marine phosphates have 
been deposited under conditions favorable ot the growth of anrobic 
bacteria, since they are often carbonaceous and eves carry noticeable 
amounts of hydrocarbons. Whether this is an accidental or necessary 
relationship, however, remains to be determined. 


% FE. Blackwelder The geologic réle of phosphorus. Amer. Jour. Sci., vol. xliii, 1916, 
p. 285. 

% J. Murray: Changes of temperature in the surface waters of the sea. Geog. Jour. 
vol. xii, 1898, p. 129. R. D. Oldham: Report on the Indian earthquake of June 12, 
1897. Geol. Surv. India, Mem. xxix, 1899, p. 80. 
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PROBLEM OF WESTERN PHOSPHATES 


We may get a clearer idea of what some of the lines of thought have 
been if we turn to the western phosphates which have been more exten- 
sively considered than most others. 

Blackwelder ® suggests the wholesale killing of animals by conditions 
not thoroughly understood, and thinks that the ammonia, set free by 
anerobic decomposition in a stagnant zone on the ocean bottom, dissolved 
the calcium phosphate in bones, teeth, shells, and tissues. Shells of dead 
animals sinking from the upper water levels, where life was abundant, 
are dissolved by carbon dioxide rising from decaying organic matter. 
The phosphatic material is then supposed to be quickly reprecipitated as 
collophanite. 

Since, according to him, the decay of organic matter under anwrobiec 
conditions does not liberate nearly as much CO, as if the decay were of 
aerobic character, one wonders where enough came from to perform all 
the work of solution to which he refers. 

To the speaker it seems that the gradual accumulation of decaying 
organic material on the bottom is more reasonable, for it is difficult to 
conceive how catastrophic conditions could spread over such a wide area 
as that occupied by our western phosphates, and in addition be repeated 
at intervals. 

Mansfield ** subscribes to Credner’s ®* theory that the calcium phos- 
phate of fish remains—after extraction by water containing carbon 
dioxide—will, in the presence of ammonium carbonate, form calcium 
carbonate and ammonium phosphate, while, with more calcium car- 
bonate present, the latter reacts with the former to yield phosphate of 
lime and ammonium carbonate. But ammonium carbonate is also sup- 
posed to react with calcium sulphate and calcium chloride and _ pre- 
cipitate lime carbonate. Were these absent from the sea water of the 
Permian, or were conditions unfavorable for the reaction ? 

Condit,®* however, remarks that the accumulation of oozes, with decay- 
ing carbonaceous matter evolving H,S, CO,, and NH,, would hardly 
be favorable environment for the precipitation of calcium carbonate, 
which seems in contradiction to some of the ideas mentioned above. 
Moreover, since in our western phosphate area published analyses show 


* Loc. cit. 

67 G. R. Mansfield: Geography, geology, and mineral resources of part of southeastern 
Idaho. U.S. Geol. Surv. Prof. Pap. 152, 1927, p. 365. 

H. Credner: Die phosphatische Knollen des Leipzig mittel-oligocen, K.  siichs. 
Gesell, Wiss. abh., band 22, 1895, p. 26. 

*D. D. Condit, E. H. Finch, and J. T. Pardee: Phosphate rock in the Three Forks— 
Yellowstone Park region, Montana. U.S. Geol. Surv. Bull. 795, 1926. 
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almost every gradation from pure limestone to high-grade phosphate, 
one may ask what the conditions are with respect to carbonaceous matter 
or hydrocarbons that control the precipitation of these two substances. 

Condit would have the CO., developed under anerobic conditions, leach 
the phosphate from skeletons on the sea bottom, producing certain acid 
phosphate salts, as CaHPO, or CaHPO,.2H,0. He expresses doubt 
regarding the factors which would cause intermittent precipitation, but 
does not believe in bacteria. 


PHOSPHATE BACTERIA 


There are those who are of the opinion that the widespread deposition 
of oolitic phosphate might be caused by bacteria, but this is one of the 
problems that needs investigation. It is not an unreasonable suggestion, 
since phosphate-secreting bacteria are known to exist."° 


DEPOSITION BY REPLACEMENT 

While we know from experiments and observations that phosphate of 
lime may replace shell and bone fragments on the sea floor” (or on 
land), we cannot assume that all the phosphate was deposited in this 
manner, partly because, if so, there should be more original structures 
preserved in the material. Furthermore, is it altogether safe to assume 
that in some phosphate beds, like those of our western Permian in which 
fossils are not abundant either in the phosphate itself or in the associated 
black shales, much or most of the phosphate came from decaying organ- 
isms, unless they were chiefly those lacking hard parts? 

Mansfield originally suggested ** tentatively that the western phos- 
phates might represent replacement of aragonite oolites, a view that he 
has since discarded. This idea, of course, is based on the work of 
Vaughan ** and Drew,** who have described the formation of calcareous 
oolites through the action of bacteria. These bacteria, which flourished 


7C, L. Breger: Origin of the Lander oil and phospate. Min. and Eng. World, vol. 
xxxv, 1911, p. 632. Gives references to articles on phosphate-secreting bacteria. 

711T, G. Bonney: Cambridgeshire geology, 1875. W. A. P. Graham: Bxperiments on 
the origin of phosphate deposits. Econ. Geol., vol. xx, 1925, p. 319. W. H. Twenhofel: 
Treatise of sedimentation, 1926, p. 394. 

72G. R. Mansfield: Origin of the western phosphates of the United States. Amer, 
Jour. Sci., vol. xlvi, 1918, p. 591. 

73T. W. Vaughan: Preliminary remarks on the geology of the Bahamas, with special 
reference to the origin of the Bahaman and the Floridian oolites. Carnegie Inst. Wash- 
ington Pub. 182, Papers from the Tortugas Laboratory, vol. v, 1914, p. 47. 

74G. H. Drew: On the precipitation of calcium carbonate in the sea by marine bac- 


teria, and on the action of denitrifying bacteria in tropical and temperate seas. Car- 
negie Institute Washington Pub. 182, Papers from the Tortugas Laboratory, vol. v, 
1914, p. 9. 


This conclusion has recently been challenged by Lipman. Carnegie Inst. Washing- 
ton Pub. 340. 


2. 

= 
ae 

ad 


PHOSPHATE 261 


in warm waters, were denitrifying, and hence the reduction of the nitrate 
content of the water was unfavorable to the existence of other plants and 
of animals. Subsequently a cooling of the waters killed the bacteria, thus 
permitting a replenishment of the supply of nitrogen, which encouraged 
animal and plant growth once more. With the ensuing accumulation of 
dead organisms on the bottom and the liberation of phosphate by their 
decay, this material replaced the oolites. 

It may not be necessary to have lime carbonate serve as the host ma- 
terial for replacement, for, according to Gautier,” clays and hydroxides 
may also be attacked by phosphate solutions. While it seems quite clear 
that some of the phosphate may have been deposited by replacement, it 
would now appear that the oolitic material is probably a primary pre- 


cipitate. 
FUTURE WORK 


This is a problem certain features of which deserve further study, 
not only in the field but also in the laboratory, for it involves a careful 
consideration of the physiographic, climatic, biological, and chemical 
conditions under which phosphate of lime may be separated from sea 
water either directly or indirectly. Moreover, the association of phos- 
phate beds, with limestones and shales, or even other rocks, the cyclic 
repetition of these beds, and the gradation of phosphate into the other 
materials, such as limestones which show a wide range of phosphate 
content, indicate changing and sometimes delicately adjusted conditions 
of sedimentation by no means yet fully understood. 


ASBESTOS 
INTRODUCTION 

Among the deposits of silicate minerals, whose origin has provoked 
discussion, chrysotile seems to have received its full share, most of it 
having centered around the well-known deposits of the Thetford area 
of Quebec, with which many of us are quite familiar through the writings 
of Cirkel,’* Dresser,”7 Graham,** and Taber.”® Subsequently our atten- 
tion was drawn to the Arizona deposits by Bateman.*° 


™ A. Gautier: Ann. de Mines, 9th ser. vol. v, 1894, pt. 1, and Compt. Rend., vol. cxvi, 
1893, pp. 928 and 1023. 

76°F. Cirkel: Chrysotile asbestos, its occurrence, exploitation, milling, and uses, 2d 
ed. Can. Mines Branch, 1910. : 

77J. A. Dresser: Preliminary report on the serpentine and associated rocks of 
southern Quebec. Can. Geol. Surv. Mem. 22, 1913. 

7®R. P. D. Graham: Origin of massive serpentine and chrysotile asbestos, Black 
Lake, Thetford Area, Que. Econ. Geol., vol. xii, 1917, p. 154. 

7S. Taber: The genesis of asbestos and asbestiform minerals. Amer. Inst. Min. 


Engrs., Trans. lvii, 1918, p. 62. 
A.M. Bateman: An Arizona asbestos deposit. Econ. Geol., vol. xviii, 1923, p. 663. 
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The occurrences in Rhodesia described by Keep,*? and of the Barber- 
ton,** and Carolina ** districts of South Africa discussed by Hall, are by 
no means less interesting, but possibly not as familiar to everyone. 

Shorter but altogether too brief accounts of the Cyprus deposits have 
been given us by Sagui** and Whitworth,“ and of the Baschenowa, 
Urals, occurrence by Ohnesorge,*® while others in various parts of the 
world have received scant attention. 

The two features which seem to have aroused the greatest interest and 
dispute are the formation of the asbestos-bearing fractures and mode of 
origin of the chrysotile. There are, however, some additional, rather 
interesting ones of a genetic character which seem, in part at least, to be 
common to the several important areas, and cause one to wonder whether 
a similar sequence of processes may not have been operative in all. 


FEATURES COMMON TO DEPOSITS IN BASIC INTRUSIVES 


Let me remind you first that the areas which I have specifically men- 
tioned above fall into two groups, as follows: 

1. Those in which the chrysotile occurs in serpentinized peridotite, 
dunite or pyroxenite. This includes Thetford, Quebec; Shabani, Rho- 
desia; Barberton, Transvaal; Cyprus, and Baschenowa, Russia. 

2. Those found in limestone, including the deposits of Arizona and the 
Carolina district of South Africa. 

It is to the first of these groups that I wish to particularly call your 
attention and make some comparisons. 

In the Thetford area the peridotite contains small dikes and sharply 
bounded, irregular masses of granitic rock, which some have regarded as 
injections, but which Dresser believes are residual segregations from the 
peridotite magma, formed by differentiation in situ.s* . Some silicates 
may occur as dikelike bodies or border the granite. 


SF. E. Keep: The geology of the Shabani mineral belt, Belingwe district. South. 
Rhodesia Geol. Surv. Bull. 12, 1929. 

52 A. L. Hall: On the asbestos occurrences near Kaapsche Hoop in the Barberton 
District. Trans. Geol. Soc. S. Afr., vol. xxiv, 1922, p. 168. Further notes on the 
asbestos occurrences near Kaapsche Hoop, in the Barberton district. Ibid., vol. xxvi, 
1924, p. 31. 

SA. L. Hall. Un. S. Afr. Geol. Surv. Mem. 12, 1918. 

*%C, L. Sagui: Asbestos deposits of Cyprus. Econ. Geol., vol. xx, 1925, p. 371. 

% M. Whitworth: Min. Mag., vol. xxxix, 1928, p. 143. 

8 A, Ohnesorge : Das Asbestworkommen nérdlich Baschenowa im Ural. Zeitschr. prak. 
Geol., 1929, p. 166. 

®7 J. A. Dresser: Granitic segregations in the serpentine series of Quebec. Trans. 
Roy. Soc. Can. vol. xiv, 1921, p. 7. 
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he Rhodesian dunite is intruded by granite, while in the Barberton 
area the section shows a granite, which, according to Hall, is intrusive 
in the Jamestown series that carries the asbestos.** Lastly, in the 
Baschenowa district dikes of aplite and others composed of garnet and 
vesuvianite cut the serpentine, while a large aplite area lies a short 
distance to the eastward. ; 

The Thetford chrysotile veins may grade into quartz as the granite is 
approached, and Keep refers to local silicification of the serpentine. At 
Barberton and Thetford, chrysotile may grade into serpentine along 
the veins, and the same has been noted at Cyprus. 

At Shabani there is a talc-magnesite zone between the granite and 
asbestos belt; furthermore, the tale in places encroaches on the latter 
and may locally replace the chrysotile, while magnesite veins cut those 
of asbestos. Talc is also present in the Baschenowa area, in proximity 
to the serpentine and asbestos; and I understand that tale and carbonates 
have likewise been found at Thetford, where, according to Dresser, the 
former mineral sometimes appears to be pseudomorphic after chrysotile. 
Tale occurs in places in the Cyprus deposits. 

Graham and Dresser refer to siliceous waters as the agent of alteration, 
but hesitate to draw them from all the granite. Keep definitely con- 
siders the granite as being the source of them, while Hall speaks of 
“rising waters” without mentioning the underlying granitic rock. 

The history of events is not complete for the four districts, but it 
seems evident that we have a peculiar association of materials and phe- 
nomena which must be more than a mere coincidence. 

At Shabani, where the record appears the most complete, the sequence 
of events seems to be: 

1. Intrusion of the granite rock, which supplied the solutions respon- 
sible for both serpentinization and chrysotilization. 

2. The later formation of tale and carbonates introduced by solutions 
probably of different composition and at higher temperature. 

3. Introduction of silica, causing silicification. 

It will be interesting to watch developments at the districts referred 
to, as well as others, to see if this sequence of events is usual. 

It may be of interest to note in this connection that one of my junior 
colleagues, J. D. Burfoot, Jr., who has been studying the tale deposits 
of Virginia, has called my attention to the fact that in places the ser- 


SA. L. Hall: Contact belt of the older granite in the Barberton district of northern 
Swaziland. ‘Trans. Geol. Soc, S, Afr., vol. xx, 1917. 
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pentine rock derived from olivine, and traversed by later chrysotile vein- 
lets, shows tale which was quite clearly introduced later, and replaces 
both the serpentine and chrysotile. Some carbonates were also deposited. 
One further point of similarity is that at Shabani, Barberton, and 
Thetford both green and blue serpentines are found. The former is 
chrysotile-bearing, while the latter is of little importance. 


CHRYSOTILE VEINS 


Turning now to the vein fractures, we find that different authors are 
not in agreement as to their origin. They have been variously referred 
to as being due to the contraction of the peridotite either prior to ser- 
pentinization or after it, or, in part at least, by swelling caused by this 
alteration. A third possible method is jointing produced by deforma- 
tional stress; and where there is a tendency toward rectilinear arrange- 
ment of the fractures, this would seem to be a possible cause rather than 
shrinkage. 

In some cases the fractures are thought to be controlled by structural 
planes, as in the Barberton district, where Hall believes that the two 
serpentine contacts, or that of the green serpentine with the overlying 
quartzite, were responsible for resolving stresses, and thus causing a 
fracturing parallel with and normal to these contacts. 

If we assume that serpentinization of the basic igneous rock is due to 
siliceous waters of magmatic origin, there must be fractures present to 
serve as channels of access, and it would seem to be of little importance 
how they were formed. 

The fact that the most advanced serpentinization is found bordering 
the fractures argues for entering solutions being the cause. 

The formation of the chrysotile, however, has developed an even 
sharper line of cleavage between differing views. 

Did its development proceed contemporaneously with serpentinization 
or later? Was it deposited in the rock bordering the fractures, or in the 
fissures themselves; and, if so, how can we explain the formation of 
large veins, several inches in width? Why are the veins in most cases 
filled with chrysotile, but at times with massive, light-green serpentine. 

We have had three solutions offered to us, namely: 

1. Contraction fissures, on whose walls the chrysotile fibers grew, as 
contraction proceeded, the serpentine being derived from the wall rock. 

2. Contraction fissures, from whose walls the fibers of chrysotile grew 
inward as the rock became completely serpentinized. This is essentially 
replacement. 
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3. Joint fractures into which the serpentine solution from the wall 
rock diffused, the chrysotile fibers growing at their base, and forcing 
the walls of the fracture apart. 

In some veins, as in those of the Quebec and Arizona areas, the 
irregular penetration of the chrysotile into the serpentine, as shown by 
thin-sections, leaves no doubt that there was replacement or recrystalli- 
zation. On the other hand, the remarkably sharp boundaries of some, 
with projections on one side, matching depressions on the other, as in 
some Barberton specimens, rouse a strong doubt that it has taken place; 
but it is equally impossible to conceive that a series of parallel veins like 
the Barberton ones, where we find as many as 15 to 30 to the foot, could 
have grown by displacement due to force of growing crystals without the 
veins or the rock being broken. Furtherraore, if we assume that the 
chrysotile is being formed at the expense of serpentine in the adjoining 
walls, why call for enormous pressure to force the walls apart? 

I should like to raise the question, whether it is unreasonable to as- 
sume that the regional stresses which produced the fractures may not 
have slowly widened them to permit the deposition of the chrysotile in 
some cases? There is no doubt in my own mind that chrysotile may be 
formed both by replacement and fissure filling, and some of the small 
Virginia veins illustrate this well. I am not yet converted to displace- 
ment by growing crystals, but am ready to consider all evidence for it. 


CLAY 
GENERAL STATEMENT 


Few silicate rocks are better known and less understood by geologists 
and mineralogists than ordinary clay, even though it has been the 
subject of numerous papers, many of which have appeared in journals 
not ordinarily consulted except by specialists. 

Improved as our knowledge is, there are, however, still a number of 
questions to be answered. 


MINERALS IN CLAY 


The mineralogical composition of clay has always constituted a most 
vexing problem on account of the extremely fine state of division of most 
of the grains, which makes their determination difficult. Then, too, 
much of the material may be in colloidal form. 

In the face of this knowledge, however, frequent attempts have been 
made to calculate its mineral composition from a chemical analysis, 
which may work for igneous rocks but is absolutely hopeless for clay. 
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The rational analysis,*° much used by the Germans and applied to 
kaolins with a view to determining the minerals present in them, is 
equally unsatisfactory and more or less unreliable. 

There is a chance here for further research with doubtful certainty of 
reward, for none of the many methods so far tried are accurate, nor 
will they be until we have more definite knowledge of the reaction of 
clay minerals toward different reagents. Even then the colloidal matter 
will remain a stumbling block. 

The list of hydrous aluminum silicates given by Dana * is a long one, 
and many of them are supposed to be present in clays; but their identi- 
fication when originally described was often based on insufficient data, 
thus making one feel doubtful regarding the validity of many species. 

A most glaring case of this is the material known as Indianaite, 
listed by Dana as a variety of halloysite with an alleged composition 
of A1,0,.2Si0,.2H,0O + water. As shown by R. E. Somers, this is 
not a mineral at all, but a clay composed of hydrous aluminum silicates, 
sericite, and colloidal matter. 

It has only been in recent years that methods for studying minute 
crystal aggregates have been perfected. 

The difficulty is increased by the necessity of not only getting pure 
material for study, but of obtaining a sufficient amount for carrying 
out on one sample the required chemical analysis, X-ray work, petro- 
graphic studies, and dehydration tests. 

Within the last two years the problem has been attacked along these 
lines by C. S. Ross, P. F. Kerr, and E. V. Shannon with most 
interesting and significant results—the chief ones of which are that 
comparatively few hydrous aluminum silicates appear to be present in 
kaolin. Only three have been recognized,® these being kaolinite, nacrite 
and a new mineral which they propose calling dickite. All have the 
formula A1,0,.2Si0, 2H,O, but differ in their physical properties. 
Kaolinite is common in commercial kaolins, and is said to have been 
formed at lower temperatures. With higher silica content it passes into 
anauxite. The other two, namely, dickite and nacrite seem to be 
hypogene minerals. 

Great credit is due to the three investigators who have identified these 
minerals by painstaking and careful work, and it will be interesting to 
see whether their determinations hold. 


8 H. Ries: Clays, occurrence, properties and uses, 3d ed., 1927, p. 101. 
°C. S. Dana: System of mineralogy, 6th ed., 1892, p. 684. 
% Report of committee on clay minerals, Div. Geol., Nat. Res. Council. 
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In most impure clays and shales, according to them, the clay minerals 
are of the beidellite-montmorillonite type. 


HYPOGENE HYDROUS ALUMINUM SILICATES 


The fact that Ross, Kerr, and Shannon regard some of the kaolin 
minerals as of hypogene origin is not without significance, for several 
writers hesitate to acknowledge the possibility of their being formed 
by hydrothermal action, and yet it is a possibility, or even a probability, 
that we must acknowledge. 

The most radical advocate of this view was the late Prof. E. Wein- 
schenk,®? who held out for the pneumatolytic origin of all kaolinite (and 
kaolin) in spite of overwhelming evidence to the contrary. 

Among the more temperate investigators who have suggested an origin 
by magmatic waters in special cases are Collins,°* for the Cornwall, 
England, kaolins: and M. E. Wilson,®* for certain Quebec occurrences 
found in quartzite. 

Collins bases his argument partly on the fact that he claimed to have 
been able to convert feldspar into kaolinite by the action of hydrofluoric 
acid. The great depth to which the Cornwall kaolins extend has also 
been regarded by some as evidence of hydrothermal action rather than 
weathering. Hickling has, however, strongly opposed this idea, and 
believes that the kaolin forms a blanket deposit of irregular depth due 
to weathering.®® 

Wilson’s argument is that the host rock from which the kaolin has 
heen formed is a quartzite free from feldspar, and hence could not yield 
kaolinite by a weathering process. 


CLAY DEPOSITED BY REPLACEMENT 

Wilson’s work has called attention to a further problem, namely, to 
what extent hydrous aluminum silicates like kaolinite can be deposited 
by replacement. The kaolinization of feldspar would illustrate this pro- 
cess, of course, but more interesting evidence would be those cases in 
which the host mineral is totally different from the replacing one. If 
Wilson is correct, there is no doubt that quartz is being replaced by 
kaolinite. 


2 See paper by one of Weinschenk’s students; H. Résler: Beitriige zur kenntniss der 
Kaolin lagerstiitten. Neues Jahrb. f. Min., Geol. u. Pal., vol. xv, Beilage Band, 2d Heft. 
p. 231. 

% J. H. Collins: On the nature and origin of clays. The composition of kaolinite. 
Min. Mag., London, vol. vii, 1887, p. 213. 

*%M. E. Wilson: Geology and mineral deposits of a part of Amberst township, 
Quebec. Can. Geol. Surv. Mem. 113, 1919. 

% G. Hickling: China clay, its nature and origin. Excerpt from Trans. Inst. Min. 
Engrs., 1908. 
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A seemingly clear and most remarkable case of this is the curious 
white clay of Indiana ® and Kentucky known as Indianaite, which 
occurs along the contact of the Chester shale and Mansfield sandstone, 
and shows clear evidence of having replaced the quartz grains of the 
latter. It represents a unique method of clay formation rarely recog- 
nized but well worth bearing in mind in the search for further examples 
of it. 

CONDITIONS OF SUPERGENE KAOLINIZATION 


Granted that the chief kaolin mineral is formed most often by weather- 
ing, the fact still remains that we do not yet know the exact conditions 
favorable for kaolinization. 

Some very interesting experimental work by Schwarz and Branner,” 
and also by Schwarz and Walker,®* may have a bearing on this question. 

They have shown that the formation of kaolin, as they call it, is “con- 
trolled by a definite range of hydrogenion concentration in a colloidal solu- 
tion produced by mixing silicic acid and an aluminum salt in certain 
definite proportions. If the hydrogenion concentration lies outside this 
range, silicates other than kaolin are formed.” According to Schwarz 
and Walker, rain water saturated with carbon dioxide at atmospheric 
pressure contains too high a hydrogenion content, but natural decrease 
produces in such water conditions favorable for kaolin formation. 

In other words, according to these authors, kaolinization depends on 
definite conditions of acidity (hydrogen ion concentration). 


PROBLEMS OF SEDIMENTARY CLAYS 


Turning now to the problems of sedimentary clays, we find several. 
The first of these is the origin of the Coal Measure fire clays, which 
need not be considered further here, as they have been dealt with under 
coal. 

A second is the origin of white, sedimentary clays, such as those which 
occur in large bodies in the Cretaceous of Georgia and South Carolina 
or in the Tertiary of Florida. 

They are unique among the clay occurrence of North America, and 
not found in any abundance in other localities. Knowing the character 
of the surface rocks of the land areas from which they must have been 
derived, it is obviously impossible to have directly obtained residual 
materials of such whiteness and freedom from impurities. 


*6 W. M. Logan: Indianaite of Indiana. U. S. Geol. Surv. Bull. 708, 1922, p. 147. 
H. Ries: Ibid., p. 154. 

°7 Berichte d. deutsch. chem. Gesell, 51, 1923, pp. 1433-7. 

8 Zeitschr. f. Anorgan. Chemie, 145, 1925, pp. 304-10. 
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An explanation suggested by one of my former graduate stu- 
dents, F. R. Neumann, and which has been corroborated somewhat by 
field evidence and experimental work, is that the residual clay from 
which the white, sedimentary ones have been derived was subject to 
leaching by organic acids from swampy deposits overlying them before 
they were removed by erosion. . 

This is in line with the theory of some German geologists, who be- 
lieve that kaolinization of granite has been produced by waters charged 
with organic acids seeping downward from beds of peat or lignite. 

Finally, I call the attention of the sedimentary students to the sec- 
tions exposed in different areas, such as the Tertiary of western Ken- 
tucky and Tennessee, the Cretaceaus of New Jersey, or the Tertiary of 
southern Saskatchewan, where we may at times find anywhere from 
four to six beds of clay, deposited one on top of another, all derived 
from the same general land area, and yet differing from each other 
markedly in such qualities as color, plasticity, and chemical composition. 

They form an interesting study in sedimentation not yet attacked. 


MISCELLANEOUS PROBLEMS 

Nor have there been explained to everyone’s satisfaction the origin of 
the peculiar diaspore clays of Missouri, the cause of multidirection 
slickensides in many fire clays, the formation of masses or lumps of so 
called “porcellanous halloysite” in some ferruginous residual clays, 
etcetera. Even the cause of that peculiar property, plasticity, in clay 
still remains to be explained in a satisfactory manner. 

CONCLUSIONS 

I am afraid that my hearers will think I have spent considerable time 
discussing problems, some of which are not new, and to such a charge I 
would enter no denial; but old as many of them are they have still to be 
solved in a satisfactory manner. We can see that, in the case of petro- 
leum and even coal problems, there is a definite stimulus; but such 
encouragement has so far often been lacking in the others. Let us 
hope that it will come if only supported by visions of its practical 
importance, which may change to realities. 

If, however, the financial assistance necessary to carry on the work 
can not be obtained from parties or organizations interested in the 
application of the principles involved, as in the case of oil, we must obtain 
it from those who are willing to help science for its own sake. 


99 F, R. Neumann: Origin of white clays of South Carolina. Econ. Geol., vol. xxii, 
1927, p. 374. A modification of this theory is suggested by W. G. Woolnough. Ibid., 
vol. xxiii, 1928, p. 887. 
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INTRODUCTION 


Studies in the variation and limitations of modern species with large 
comparative series of specimens have led some of our ablest zoologists to 
regard each species as having its special “ecologic niche” (Grinnell). 
We do not. in fact, find two or more distinct species or subspecies of a 
genus occupying the same area and habitat at the same time. We do 
very frequently find a considerable range of variation among the in- 
dividuals, but it is shown by comparison to be within the limits of a 
single species or subspecies. They are variants, the result of interbreed- 
ing of the many different strains which compose any natural species. 
Usually, but by no means always, the differences intergrade. 

The range of such individual variation is sometimes very considerable. 
It is.apt to be greater in such characters as horns, tusks, proportions of 
skull and of skeletal parts, than in teeth. Variation is more obvious 
in large mammals: whether it is really greater than in small ones is not 
so certain. 

USE OF MODERN SPECIES AS A GUIDE 

‘The range of modern species should be our guide in determining the 
range of fossil species, based always on much less adequate material. 
We should expect to find in a single fossil quarry that the material of 
each genus represents a single ecologic niche, or, if more than one, that 


1 Manuscript received by the Secretary of the Society February 18, 1930. 
The title given in the Proceedings of the Cordilleran Section is ‘‘Boundary between the 
Pliocene and the Pleistocene.” 
(271) 


XVIII—BULL. GEoL. Soc. AM., VoL. 41, 1930 


272. ~W.D. MATTHEW—RANGE AND LIMITATIONS OF SPECIES 


they are quite distinct. We should not, in other words, expect to find 
two or more closely related species living together at the same time, 
within the same area, and with the same habitat, causing their remains 
to be preserved together in the same quarry. We should expect to find 
that the individuals either intergrade or that the variations are dis- 
tributed among different individuals in the manner that results from 
intercrossing of different breeds or strains. We would not find them 
separating into two or more groups near together, but with no inter- 
mingling or intergrading and distinguished by a number of really con- 
stant and independent characters. Either there would be two or more 
species so widely different as to belong in obviously independent ecologic 
niches, or else there would be one more or less variable species. 

This is exactly what we do find in such quarry collections as are large 
enough to provide evidence comparable to the evidence on which modern 
species are based. It is very well illustrated in the Rancho la Brea Pleis- 
tocene, in the Agate Quarry lower Miocene, in the lower Oligocene quarry 
worked by the Colorado Museum of Natural History, in the Long Island 
(Phillips County, Kansas) T'eleoceras quarry, and many other in lesser 
degree. At Rancho la Brea we find a saber-tooth, a giant wolf, a coyote, 
a horse, a bison, a camel, a badger, a giant lion, a puma, and so on, each 
showing a wide degree of individual variation, but the variations inter- 
graded or intermingled. So, also, we find at Agate one species each of 
three animals, each showing wide variation, but, where the material is 
adequate, demonstrably one species. This equally is true of the lower 
Oligocene rhinoceros Trigonias, of the lower Pliocene rhinoceros T'eleo- 
ceras, in the quarries above mentioned, of the middle Miocene Mery- 
chippus in the Snake Creek quarries in Nebraska. So far as the suffi- 
ciently abundant species in these quarries are concerned, it is so obvious 
that little or no attempt has been made to describe the variants as species. 


SINGLE FOSSILS FROM DIFFERENT LOCALITIES 


When we deal with single fossil specimens from different localities in 
a formation, the problem of species range is more difficult. We are 
presumably dealing usually with a single habitat, but with sometimes a 
prolonged period of time, during which many shifts of species range, 
temporary or permanent, may have occurred, and more or less muta- 
tional change in the species, in addition to its changes in geographic 
range. Where the formation is widespread, different localities may 
represent different geographic subspecies or wholly valid species; and 
this is more likely in the comparison of different formations over a 
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great region. But it is or ought to be a fundamental principle of tax- 
onomy that new species ought not to be named unless there is evidence 
constituting at least a high probability of their being distinct. 

In the very usual case of dealing with a fauna obtained from a 
formation covering a rather restricted area, a few miles or a few dozen 
miles each way, the probabilities will be very much against any generic 
or racial group including a number of closely allied contemporary 
species. We may find changes of species at different levels in the forma- 
tion, indicative of changes of range during the time that it was being 
laid down, or we may find evidence of progressive mutation going on. 
In either case, we should first consider whether the actual material at 
hand is evidence of anything beyond individual variations, using as 
standards for the range of such variation the series of specimens of 
related forms that are known to come from a single fossil quarry, or the 
range of variation in allied modern species. 


WIDELY SEPARATED FAUNAS 


In dealing with faunas from widely separated areas the probabilities 
of distinct geographic species should conform roughly to the distribution 
and range of related or corresponding modern species. Many, especially 
of the larger, modern species are of almost continental range, others 
much more limited. The same should hold true of extinct contemporary 
species. Where time differences come in, the modern fauna is no guide, 
and the differentiation of mutants, mutations, and distinct species in the 
succession of a race is necessarily an arbitrary matter. It would seem, 
however, that the degree of diversity required for a distinct time species 
ought to correspond with the average found in distinct geographic 
species. 


PRESENT PRACTICE OF VERTEBRATE PALEONTOLOGISTS 


The usual practice in vertebrate paleontology is not conformant to these 
standards. Many authors describe as new species anything that can be 
distinguished as different from the type specimens of species previously 
described, irrespective of the probabilities above indicated, regardless of 
the lack of any valid evidence that the species really is distinct, anxious 
only to add to the number of types in their museum, of species bearing 
their name, or of “stages” that can be used to bolster up a complex, 
detailed, and, for the most part, wholly imaginary phylogeny. Once the 
species is placed on the books, it appears to be regarded as a personal 
discourtesy for any subsequent reviser to question its validity. The pres- 
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ent writer makes no claim to be exempt from these frailties, but has at 
least endeavored to follow a conservative course, being deeply sensible 
of the discredit which they tend to cast upon the soundness of paleon- 
tologic evidence. Nine-tenths of the species and genera which stand on 
our lists are not based on adequate evidence of specific distinctness. At 
least half of them can be shown to be probably invalid; and it seems 
altogether likely that, whenever authors have the courage to express their 
real beliefs, they will do to the majority of American, and tov a still 
larger proportion of European species of fossil mammals, what Warren 
in his classic monograph did to the numerous genera and species that 
had been made up to his time out of the American mastodon. 

If we admit that all of the Rancho la Brea saber-tooths belong to one 
species, we must admit an individual variability in machxrodonts that 
should make us pause over describing single and fragmentary specimens 
as new on the basis of relatively small differences from known types. If 
the specimens are of a decidedly different age or from a widely different 
locality, there is a fair probability of their being distinct time species or 
geographic species. If from the same formation or region, the prob- 
abilities are decidedly against their being new. 

There are, indeed, certain characters, often quite minor or incon- 
spicuous, that are found to run very constant in certain races at certain 
times. The combination of a number of these constants gives a certain 
“cut” that characterizes usually all the specimens of a genus found in 
one formation and area, though they may show wide range of differ- 
ence in many characters. Long practice in sorting out fossils in a 
“mixed quarry” makes this instinctive. Whether the peculiarities 
grouped under sych a “cut” have the right to rank as a specific value is 
doubtful. Often they represent probably a mere race or mutation. 
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INTRODUCTION 


We are living in a time when old interpretations and old theories are 
being re-examined. New evidence has been found that affects many of 
these, and even if it had not the reweighing of the evidence for them 
may be of considerable value. In the consideration of the problems of 
ancient climates the study of new areas of sedimentary rocks and the 
more intensive study of areas that have long been more or less familiar 
must disclose many new things and suggest better interpretations. 

Some papers recently published in Germany show awakened interest 
in ancient climates: The old standard works on recent climates by 
workers in Germany, France, and America are valuable so far as they 
relate to the various physiographies, assemblages of organisms, and 
accumulations of sediment that have been formed under the influence of 


1 Manuscript received by the Secretary of the Society November 16, 1929. 
This piper was presented, by Mr. Hubbard only, under the title “Geologic criteria 
suggesting ancient climate conditions and their evaluation.” 
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different climates. Studies in sedimentation in particular should help 
us to interpret ancient climates. 

Textbooks are not usually the best places in which to set forth fully 
the principles of interpretation of problems of ancient climates, though 
they might well aid beginners more than they do by presenting more 
fully both the facts and the principles that have led to the interpreta- 
tions. The textbooks differ as to the evaluation of climatic criteria, and 
some of them give scant attention to the subject. Further, many of 
the books on ancient climates have but little to say about climates other 
than that of the recent Ice Age. 

These considerations led us last winter, in a seminar class, to mull over 
a good deal of the literature dealing with the evidences used in ascertain- 
ing ancient climatic conditions and to strive to evaluate them both as 
to sensitiveness and as to frequency of occurrence. The contribution of 
this paper is in its evaluations. Much of the rest of it is gathered from 
the work of others. 

Many of the changes in climate during the several geologic periods 
have affected the forms of life. The record of this life and of its climatic 
environment is locked up in the sediments that were laid down during 
those periods. 

Through studies of the nature and interrelations of sediments and of 
the types, distribution, and evolution of plants and of animals whose 
remains were laid down in the sediments. we are able to approach an 
interpretation of the climate of any geologic period. \'omplete interpre- 
tations are often impossible, but each of the criteria of climate should be 
studied in connection: with the others, because a change in one often 
leaves a distinct record in some others. Moreover, a change might be 
brought about by a combination of causes that would make their effects 
all the more valuable as climatic indicators. 

Since the earlier sediments, with their enclosed records, were laid 
down, the earth has passed through an eventful history. During the 
subsequent periods mountains and plateaus have been raised and slowly 
worn away, and heat, pressure, and chemical action have modified and 
in many places greatly changed the nature of the sediments. Some 
agents, such as the pressure due to the weight of the great ice-sheet, have 
produced little change in the sediments; others, such as eroding streams 
or hot, mineralizing fluids, have almost obliterated some of the records 
in the sediments. During all geologic time the general atmospheric 
circulation has probably not greatly changed, although many and great 
local changes of climate must have been made by changes in altitude 
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and by the expansion or contraction of seas and lands. Although these 
changes may be recorded in the sediments of a period, some of them 
have at the same time affected the records made in preceding periods 
and have destroyed or impaired the value or the validity of many of the 
criteria by which we interpret ancient climates. 

What has been the effect of such changes on the climatic indicators ? 
What are the relative values of the different climatic indicators? What 


is the sensitivity of each? 
THE INDICATORS CONSIDERED 


The following climatic indicators are considered in this paper: 
1. Glacial drift and outwash. 
2. Wind-blown sands; loess. 
3. Feldspar. 
4, Salts and gypsum. 
5. Limestone, oolite, and dolomite. 
6. Fossil plants and animals. 
7. Marine floodings. 
8. Evolution. 
9. Migrations. 
10. Color of deposits. 
11. Mud cracks. 
12. Coal beds and successions of strata. 
13. Tree rings. 


VALIDITY OF THE SEVERAL INDICATORS 


1. GLACIAL DRIFT AND OUTWASH 


Glaciers leave many marks of their presence and their movements. 
Among these marks are glacial lakes and their deposits, accumulations 
of drift, and glacio-fluvial forms, as well as erosional forms and records 
such as U-shaped valleys, hanging valleys, and the striations that are 
found both on the bedrock and on the erratics in the moraines. Such 
forms are rarely found alone, and each one, when properly interpreted, 
is an indicator of glacial climate. However, they have very different 
values as indicators, because some are more permanent than others, some 
become nearly valueless when covered, and others alone are easily mistaken 
for something else. Certain of these forms are produced by continental 
glaciers, as, for example, extensive terminal moraines and sheets of till 
containing erratics that have been carried long distances, whereas hang- 
ing and U-shaped valleys are typical forms produced by alpine glaciers. 
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Forms suggesting continental glaciers are no doubt indicators of a world- 
wide glacial climate, but hanging and U-shaped valleys may not be. The 
continental glaciers were probably the results of subtle, far-reaching 
causes, such as a change in the carbon dioxide content in the air or in 
the geographic distribution of land, water and relief, or of combinations 
of several causes; and the débris they leave may cover thousands of 
square miles. The alpine glaciers are usually the results of some local 
conditions, such as low temperature due to altitude, the effect of which 
is of rather small extent. 

Glacial lakes, moraines, kames, and boulders may be completely 
covered by submergence and marine deposition, and again raised and 
exposed by erosion. When so exposed they are valuable indicators of 
climate, and are so viewed with great faith by all geologists. 

Glacial boulders—real erratics—which streams can not carry over 
divides, are most satisfactory indicators of glacial climate. Their sig- 
nificance is strengthened if bedrock of the same ‘material as the boulders 
is found at places so situated as to be unmistakably correlated with them. 
Striations on bedrock over considerable areas are positive indicators of 
glacial climate. 

The melting of glaciers produces streams that are heavily charged 
with sediments, which are deposited when the current is slackened. Such 
deposits may be recognized as glacial if they are in part foreign. Their 
larger particles will have lost by attrition more or less completely the 
facets and scratches they bore when they were in moraines.* 

The pressure to which glacial sediments are submitted tends to 
compact them and, if they contain colloidal silica, alumina, or kaolin, 
to bind them together. Their recognition becomes more difficult as their 
characteristic features are obliterated by metamorphism; but drift is very 
persistent and is significant even after tremendous changes.” 

Conclusions: We may say that (1) any glacial form or mass of débris 
is an indicator of glacial climate; (2) that such an indicator is, in 
general, found only in regions over which the glacier passed or on the 
borders of the glacier, where it forms outwash from the ice; (3) that a 
local glacier may not indicate a glacial climate, but that glacial deposits 
or markings over a broad area do indicate a glacial climate; (4) that 
the evidence of a glacial climate is strengthened by the close association 
of several glacial forms; (5) that the character of glacial deposits is but 
slightly changed by heat, pressure, and chemical action, and that only 


1 Pirsson and Schuchert : Textbook of geology, vol. 1, p. 149. 
2 Frank Carney: Metamorphism of glacial deposits. Jour. Geology, vol. 17, 1919. 


~ 

/ 


VALIDITY OF THE SEVERAL INDICATORS 279 


large changes impair or destroy their value as indicators; (6) that a 
careful study of the forms left and their relation to one another will 
show whether the glaciers were of a continental or an alpine type; and 
(7) that the glacial record can be wiped out only by erosion. 

Taken all in all, glacial forms of any kind are the most positive and 
unalterable indicators of a cold climate. 


2. WIND-BLOWN SAND; LOESS 


Wind-blown sand usually suggests a region that is or has been arid. 
In arid regions the vegetation is very scant, and a lack of vegetation 
means that the soil is not bound together and is therefore being shifted 
from place to place by the wind. The force with which the sand particles 
are blown by the wind makes them a powerful erosive agents: when they 
are driven against masses of rock they loosen the grains of the rock and 
carry them away. Wind-carved rocks, then, indicate climatic conditions. 
“Grains rounded by winds are surfaced as ground glass or mat unless 
later modified by solution, when they become shiney and _glassy.* 
Forms carved by wind erosion are mushroom rocks, facets, pitted, pol- 
ished and etched surfaces, and desert varnish, gloss or luster.”* This 
“varnish” consists of silica or of oxides of manganese or iron and is 
nearly as durable as the quartz grains themselves. Hence it may he 
found on sands ages after the varnishing was finished and might even 
be identified after the sand had been cemented into rocks. 

Eolians sands and sand dunes occur also in moist climates along 
beaches, as in areas southeast of Lake Michigan; on old lake floors, as 
in northwestern Ohio; and even in very humid regions, as on the coast 
of the Netherlands and in Baltic Germany. Glock ® also points out that 
dunes do not always occur even in arid regions. 

Because of its rounded grains, wind-blown sand is easily distinguished 
and is very stable, for silicon dioxide is not easily broken down chemi- 
cally. By the addition of water and binding material (which may be a 
result of a change of climate), such sand that is subjected to pressure 
may become sandstone. 

Loess is composed of particles of quartz, feldspars, kaolin, calcite, 
amphiboles, micas, iron oxides, and other materials. It differs from 
ordinary sand in that its particles are much finer and sharply angular, 
showing little wear by the action of wind or water. 


?W. H. Twenhofel: Sedimentation, p. 57. 
4A. W. Grabau: Principles of stratigraphy, p. 57. 
5W. S. Glock: Am. Jour. Sci., vol. 14, 1927, pp. 155-6. 


1 
1 


280 HUBBARD AND WILDER—INDICATORS OF ANCIENT CLIMATES 


It is generally believed that deposits of loess are largely of eolian 
origin, their particles being dropped in favorable localities by the 
wind, but the sand among them indicates the action of running water 
at intervals during their deposition. The loess of Shansi and West 
China contains a considerable porportion of stream-laid sand and gravel, 
which are strewn among beds of typical wind-laid material. Coherence 
and lack of bedding in loess are enduring characteristics. 

Wind-blown sand and loess are valid indicators of climate, because of 
their stability in the presence of heat and pressure. A change in climate, 
such as a change from arid to moist, would be very destructive to a 
deposit of sand or loess, for the particles of the deposit are not bound 
together and therefore can not resist the action of water. The deposi- 
tion of other sediments on top of loess or sand tends to compact it and 
does not seriously change its nature. 

Conclusions: Wind-blown sand indicates an arid climate but does not 
prove it. Such a climate may be either widespread or local and may be 
closely related to the area covered by the sand, because, as soon as the 
climate becomes moist enough for vegetation to grow, the sand no longer 
moves. 

Loess is an indicator of an arid climate, but it may be carried far 
away from an arid area to a much moister one because of its easy trans- 
portabilitv. Many deposits of sand and loess have doubtless been 
destroyed, but those that have survived may be used, if used with care, 
as definite criteria for determining the climate of the period and region 
in which they were laid down. This statement applies to recognizable 
eolian sand and loess buried in ancient time as well as to recent deposits. 

3. FELDSPAR 

Feldspar forms a considerable percentage of the rock of the continen- 
tal masses. It is found mostly in igneous rocks, such as granites, 
svenites, and porphyries; but it forms a part of sedimentary rocks, such 
as arkosic sandstones and conglomerates, and of metamorphic rocks, 
such as gneisses. 

Feldspar becomes altered under the attack of various agents, and the 
products of its alteration are determined by the nature of the rock con- 
taining it and of the attacking agent. Some of the chemical changes 


are— 

Orthoclase + Water + Carb. diox. = Kaolin + Quartz + Potas. carb, 
2KAISi,0O, + H,0+ CO, +  K,CO, 
Orthoclase + Water + Carb. diox. = Muscovite + Quartz + Potas. carb. 


3K AISi,O, + 2H,0 + CO, =H,K(AISi0,), +6Si0,+ K.CO, 
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As an indicator of climate, only the feldspar of sedimentary rocks is 
of value. Feldspar found in a sedimentary rock (sandstone and con- 
glomerate ) indicates that the climate in which the rock was formed 
was probably arid and cool and prevented hydration or other form of 
decomposition. 

In a warm, rainy climate feldspar breaks down inte kaolin, quartz, 
and potassium carbonate. (See the reaction above.) In such a climate 
there is abundant vegetation, which produces humic acid that dissolve 
soluble material. In a cold, dry climate there is little or no vegetation to 
produce humic acids, but the rocks are broken up through fluctuation in 
temperature, which exposes a greater surface to eroding agents. Feld- 
spar may accumulate in a deposit at any place where mechanical dis- 
- integration exceeds chemical action. 

Conclusions: Feldspar is not a very significant indicator of climate 
because (1) it is of value only when it is found in sedimentary rocks; 
(2) very little of it is found in sedimentary rocks; and (3) it occurs in 
many marine or lacustrine beds that were formed by aqueous deposition 
or mixed aqueous and arid deposition. 

4. SALTS AND GYPSUM 


In arid and desert regions rainfall is scant and the soluble constit- 
uents of rocks—salts of various kinds—are slowly leached out of them 
by capillary action as the rocks dry. The salts are then swept away by 
the torrents that are common in such regions. Because of the lack 
of streams these salts are not carried to the sea but are washed down and 
deposited in low areas, where they are left when the water evaporates. 
Basins of inland drainage are common in arid regions. Lagoons also 
may be formed along sea coasts in semiarid to arid regions. 

Beds of salt are positive evidence of a warm, arid climate during 
their deposition. As the salts are soluble, however, a change of climate 
from arid to moist would probably carry them away in solution unless 
they were covered before the change, so that their absence would not 
prove a continuously moist or cool climate. 


5. LIMESTONE, OOLITE, AND DOLOMITE 


Limestone is formed (1) directly or indirectly by organic agencies— 
plants and animals; (2) by chemical precipitation without the interven- 
tion of organisms; (3) as clastic deposits. Probably two or more pro- 
cesses have cooperated in the formation of every bed of limestone. 
Grabau and Twenhofel agree that we have not yet sufficient data to 
determine the contribution made by each process to the formation of 
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limestone except that part of it that was derived from shells and similar 
matter, and even only a minimum of that part is determinable. Twen- 
hofel says that limestone may be produced in many environments; that 
it may be produced and deposited in a single environment or produced 
in one and deposited in another. Extreme care is therefore essential in 
using it in the interpretation of climates. When limestone deposits are 
better understood they may prove to be rather sensitive indicators of 
climate, but at present they are of minor value as indicators. This fact, 
of course, does not diminish the climatic significance or value of certain 
fossils found in limestone. 

One other point in the consideration of limestone deposits should be 
kept in mind. Calcium carbonate (CaCO,) is not freely soluble in 
water, but calcium bicarbonate (CaH,C,0,) is easily soluble. Carbon 
dioxide is more soluble in cold than in warm water; hence deep water 
that is cold at the bottom and all water in high latitudes probably car- 
ries in solution more carbon dioxide and more calcium bicarbonate than 
does warm water. But unless the water contains organisms or some 
precipitant or is warm a large percentage of carbon dioxide and acid 
salt must remain in it. 

Now, alternate cooling and warming of water is more common in 
high latitudes than in low. Seasonal changes, except where ice remains 
all summer, change the temperature of the surface of the water con- 
siderably. Warming drives out carbon dioxide and therefore tends to 
precipitate calcium carbonate. Why, then, do we not find chemically 
precipitated limestone in high latitudes? Moreover, the cool water of 
high latitudes, rich in carbon dioxide and calcium bicarbonate, settles 
down and migrates toward the equator and rises to warmer levels in the 
sea. This migration would drive out carbon dioxide and_ precipitate 
calcium carbonate. Of course, it is presumed that the solution is so 
nearly saturated that the rise in temperature favors precipitation. Much 
speculation and calculation, as well as extensive examination of the 
present sea floor and some experimental laboratory work lead to the 
conclusion that the magnesium sediments on the present sea bottom 
occur in quantities so small that without the addition of magnesium 
carbonate or the subtraction of calcium carbonate, none of these sedi- 
ments could form deposits of dolomite.® 

Further, unless the conditions in ancient seas were greatly different from 
those in the seas of today it is improbable that dolomite was formed in 


Twenhofel : Op. cit.. p. 258. 
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them by primary organic or chemical deposition. It seems, then, that 
dolomite has no value as an indicator of ancient climate. 

Dolomite seems to have been formed by the relative enrichment of 
MgCO, in sediments already laid down either by the addition of this 
compound or by the subtraction of CaCO,. This concentration seems 
to be more closely related to depth of water than to anything else. The 
presence of ferrous iron in many dolomites suggests that the conditions 
were favorable for reduction. The occurrence of dolomite more frequently 
than limestone in association with beds of gypsum and salt also suggests 
that salt water is more favorable than fresh water to reduction. This 
suggestion is the only one that seems to indicate that dolomite may be a 
climatic indicator. High temperature and aridity are favorable to the 
deposition of salt and gypsum, but not necessarily to the dolomitization 
of beds of calcium carbonate laid down with such salts. 

Oolites are formed under a wide range of conditions and by different 
methods. Calcite oolites seem to be formed in most latitudes today and 
aragonite oolites in tropical waters. 

Murray and Irvine’ carried on experiments which showed that CaCO, 
was precipitated at a temperature of 34° F. as calcite, at 47° F. as a 
mixture of calcite and aragonite, and at 80° F. and above as aragonite. 
The coatings in boilers and hot water pipes are often, perhaps always, 
aragonite. Modern oolites are more abundant in warm climate, but they 
also occur entirely across the temperate zones. 

Oolites of calcite, then, probably give us more clues to climate than 
either limestone or dolomite, but their presence does not indicate a warm 
climate and their absence does not indicate a cold climate. Oolites of 
aragonite indicate a warmer climate than oolites of calcite, but it is 
believed that they change to calcite and thus cease to tell their story 
correctly. 

Conclusions: (1) So little is known of the genesis of any specific lime- 
stone that the value of limestone as an indicator of climate is uncer- 
tain; (2) dolomite, which is mostly a secondary rock, is of less value than 
limestone; (3) oolites of calcium carbonate are more valuable than either 
limestone or dolomite; (4) oolites, however, because of the wide range of 
conditions favorable to their formation, are not a positive indication of a 


warm climate. 
6. FOSSIL PLANTS AND ANIMALS 


Just as plants and animals are related to climate today, so have they 
been related to it through the geologic ages. It is generally assumed 


7J. Murray and R. Irvine: Proc. Royal Soc. Edinburgh, vol. 17, 1890, pp. 79-109. 
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that certain species or larger groups have continued in the same condi- 
tions from the past to the present. 

Fossil plants are better thermometers of the past than animals be- 
cause they have not the same power of locomotion and must submit to 
whatever temperature may prevail. The record of the relations of plants 
to temperature is found in the fossils preserved in the sedimentary rocks. 

Some plants are so closely related to climate that a slight variation 
in temperature or rainfall will destroy them, and if the adverse condition 
continues it will exterminate the species. Other plants, however, are 
more closely related to the soil, so that a lack or shortage of one or two 
elements will cause the plant to die, and if the element is not supplied a 
species will be eliminated from the area it inhabited. Some plants are 
intimately related to both climate and soil; others are not greatly 
affected by wide variations in both. 

Just as living plants have structures adapted to their habitat, so fossil 
plants have structures adapted to theirs, and these structures show the 
conditions under which the plants grew. Stunted plants indicate ad- 
verse conditions in land form, aridity, or wind; oily, waxy or gummy 
residues suggest a dry ciimate; large leaves and fronds and large cells 
indicate conditions favorable to rapid growth. 

The fauna are not so closely related to the soil and climate as the 
flora. Most animals are free to move, to hunt food, and to find a 
favorable environment. The flora itself is an important factor in deter- 
mining the type and distribution of the fauna, for many animals depend 
on plants for food and a home, so that indirectly faunas are almost as 
sensitive to climatic changes as floras. 

In spite of the ability of an animal to move about there are definite 
limits in temperature, food, and environment to which it can adjust 
itself easily without harm. Certain species have a wide range of 
adaptability; others have an extremely narrow range. 

In order to get a true interpretation of the climates of the past through 
a study of the types and of the distribution of floras and faunas it is 
necessary to have an index such as the following: 

1. Nature of the normal habitat of each genus or species of plant or animal 
to be considered. 

2. Relation of each genus of plant to— 

a. Increase in temperature. 
b. Decrease in temperature. 


ec. Increase in rainfall. 
d. Decrease in rainfall. 
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3. Relation of each genus or species of animal to— 
a. Increase in temperature. 
b. Decrease in temperature. 
ce. Changes in the flora. 


The value of fossils as indicators of climate depends on (1) the com- 
pleteness and exactness of the index; (2) the completeness of the fossil 
record itself, for certain sediments preserve fossil records much better 
than others, some fossils lend themselves to the preservation better than 
others, some can not be preserved, and some have been obliterated by 
chemical reactions taking place in the sediments; and (3) the complete- 
ness of preservation, for some fossils that leave a record are hard to 
classify. Thus a full consideration of life as an indicator of climate 
involves problems far too great for this study and must be left to those 
versed in the ecology of ancient life and in systematic paleontology. 

Conclusions: (1) Certain fossils are better indicators of climate than 
others; those that are closely related to their environment are the most 
exact indicators; (2) the value of any fossil as a climate indicator 
depends .on the intimacy of the relation of its living form to each 
phase of its environment; (3) associated forms are more valuable than 
single species; (4) many structures, particularly those of plants—such 
as large cells and large leaves and fronds—indicate conditions favorable 
to luxuriant growth. 

7. MARINE FLOODINGS 


The flooding of land by the sea has great effect on the climate of 
neighboring land and therefore on the type and distribution of the 
fauna and flora. 

The temperature of the land during marine invasions was generally 
like that of the invading ocean. When land was extensively inundated 
the climate of the remnants of the land became milder and moister. 
With the withdrawal of the sea and the increase in the area and the 
altitude of the land the climate became somewhat cooler and drier, 
resembling that in the higher interior parts of the continents of today. 
The records of floodings by submergence are shown in the contem- 
porary sediments. 

Conclusions: (1) As a climatic indicator the records of marine 
floodings are somewhat general; (2) the principles governing the inter- 
pretation of climate by fossils apply here; (3) the value of the record is 
often greatly impaired by extensive erosion, which carried away both 
records and indicators; (4) the close correlation between climate and 
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the great inundations and emergences makes the records of marine 
floodings valuable indicators of climate. 


8. EVOLUTION 


A study of the rise of plant and animal life from lower to higher 
forms throws light on ancient climates. This rise is brought about by 
the natural elimination of many forms and the development of new 
ones. Whatever may have been the causes or methods controlling the 
changes, the process of evolution has brought forth forms closely adapted 
to their physical conditions. 

Evolution has been at work in the plant and animal world ever since 
life first appeared on the earth. The fundamental factor in the process 
of selection is the adaptation of the organism to its environment. It 
follows that by studying the changes of the forms we can learn something 
about the nature and changes of their climate which is a fundamental 
element in their environment. The rise of a horse having longer legs. 
neck, and head, which adapted it better to live on semiarid grasslands. 
is a notable indicator of a local change from moist, forest land to drier 
grassland. 

As the record of the rise of life is preserved only in the fossils, a study 
of them, of the physiological changes in them, of the development of 
new forms and of their abundance and scarcity from time to time should 
show the character of the climate in which they lived. 

Conclusions: The study of climate through the evolution of life forms 
is just another means of interpreting paleoclimatic conditions. ‘The con- 
clusions presented under the heading “Fossil plants and animals” as to 
the value and completeness of the interpretations made are applicable 
here. 

9. MIGRATIONS 

A plant or an animal, or even man. leaves his habitat only because 
some powerful force breaks the strong bonds that tend to prevent migra- 
tion. In the migration of plants this powertul force is climate: or, to be 
more specific, its most influential factor—temperature. In the migration 
of animals it is food, which is in turn directly related to the plants, 
and may be the plants themselves. Man, by making use of his mental 
powers, has been able to adapt himself to his environment and _ his 
environment to his needs, so that he can withstand the most violent 
extremes of climate. There are certain features of climate, however, 
on which man is dependent and over which he has little power. Some 
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of these are rainfall, sunshine, and wind; and on these the lower 
forms of life are more dependent than men, and even more helpless. 

All forms of life, then, are subject to the effects wrought by climate, 
and are only moderately adapted to it. Because of this limit of adapta- 
bility the forms of life, from the lowest to the highest, are forced to 
move, if possible, to leave their natural habitat—the environment into 
which they were born or to which they have adjusted themselves—and 
io seek others in which they can live more efficiently, with less effort 
and more in harmony with their surroundings. 

Ancient migrations of plants and animals are shown in the fossil 
records. The migrations of man are told in part by history, and in part 
by archeology—by buried cultural and physical remains. 

Conclusions: As a means of determining ancient climates a study of 
the migrations of plants and animals as shown by fossils is probably one 
of our more valuable resources. 

10. COLOR OF DEPOSITS 


The color of a deposit may be directly related to the climatic condi- 
tions in the area in which it was laid down. The first thing to con- 
sider in a study of the color of sediments is the nature of the rocks 
supplying the sediments; the second is the possibility that the sediments 
may have changed color since they were laid down. If the color is not 
determined by either, it may have considerable value as an indicator of 
climate. 

Black and many shades of gray are usually due to carbonaceous mat- 
ter derived from more or less completely decayed vegetation. These 
colors point to a climate in which vegetation grows well and does not 
fully oxidize in decay; presumably a moist and cool or temperate climate. 
If the climate was warm growth would have been very free and the 
oxidation of the remains of plants would have been so complete as to 
leave little coloring matter. If rain was abundant, drainage poor, and 
water cover continuous, much carbonaceous matter may have been pre- 
served, even in a rather warm climate. 

Several other substances may leave dark colors, but an ignition test 
will identify them. Carbon burns out; iron leaves the rock red; man- 
ganese stains dark to black. Fragments of dark minerals also give dark 
hues. but a lens will usually reveal them. If they are fragments of 
basalt or dark silicates, such as hornblende or augite, they testify to 
incomplete weathering; hence the student should check methods of 
transportation and conditions of sedimentation. The dark minerals may 
indicate conditions so arid that mechanical weathering predominates. 


XIX—BvLL. GEoL. Soc. AM., Vou. 41, 1930 
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Red beds are very common, but the student of ancient climates should 
distinguish between the brighter reds and purples and the browns and 
brownish reds—reds that approach yellows. It is wise, further, to ascer- 
tain, if possible, whether the color in the sediments is the same as that 
of the disintegrating rock that furnished the sediments. Fragments 
of the rock in the sediments may afford good testimony and may indi- 
cate an arid climate, usually warm, because in such a climate chemical ac- 
tion is relatively slight. Despite the wide prevalence of red beds in deserts, 
desert soils and their sediments are prevailingly light gray, light green, 
or white, because they contain many fragments of gypsum, salt crystals, 
and even quartz sand that has been going the rounds of the desert cycle 
and has had everything but true quartz abraded from it. 

Raymond ® shows that arid regions devoid of vegetation are likely to 
retain their red color, as do cold, moist regions in which there is 
abundant humus. He reports that the regions most favorable for 
oxidation are those that have warm, moist climates, where bacterial 
action is rapid and humus therefore does not accumulate. He distin- 
guishes between terrestrial.and marine red beds. The marine beds he 
interprets as due to rapid erosion. There must also be, no doubt, a dry 
season to allow organic matter to be destroyed and to obtain full oxida- 
tion of the iron. 

Browns and yellows, buffs and tans, are found in regions where the 
rocks are destroyed chiefly by chemical action; where frost is rare and 
freezing has no great effect. Warmth and plently of moisture, with a 
continuous cover of vegetation, decomposes the rocks and produces as 
final products colloidal hydrates of aluminum and iron, amorphous 
silicates, and quartz. These give grays and browns and buffs, which 
persist usually even until laid down as new sediments. Organic matter 
may make them darker. If sedimentation takes place under water the 
ferrous compounds are changed to sulphates and bicarbonates and may 
even be further transformed to ferrous sulphides (black) or ferrous 
carbonate (light). 

Green is a common color in sediments and rocks, but it seems to have 
no climatic significance. It is rather related to the kinds of mineral or 
rock from which the sediments were derived. Grains of serpentine, 
chlorite and epidote, and even of olivine, derived from basis igneous 
rocks that disintegrate without full hydration and carbonization and 


8P. E. Raymond: The significance of red color in sediments. Am. Jour. Sci. vol. 8, 
1927, p. 245. 
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glauconite and greenalite give green colors, but their occurrence does not 
seem to depend on peculiarities of climate. 

In places within the tropics, as along sunny exposures in Hawaii or 
in parts of India, red beds are accumulating in the sea. These are 
interpreted as products of alternate hot and dry with warm and wet 
seasons, by which rocks are rather completely disintegrated and iron is 
fully oxidized, with the organic matter burned out. The conditions 
indicated may have prevailed during the deposition of the Devonian red 
sands of the basins of Great Britain, the Triassic beds of New Jersey, 
and the red beds of the West that were formed after the end of Pale- 
ozoic time. 

Material laid down in deep water is not oxidized or even deoxidized 
and therefore retains its original colors and may be a valuable indicator 
of climate. Materials laid down in shallow seas, in which more active 
circulation of water is possible, are more likely to be oxidized and thus 
to change color. 

Conclusions: (1) Color alone is not a highly valuable indicator of 
climate, but it is suggestive and it may be corroborative; (2) reds 
generally indicate alternating seasons of warm, rainy weather with hot and 
dry weather, such alternations as occur in some monsoon areas today ; 
(3) browns suggest warmth and moisture, with a cover of vegetation 
the year round; (4) blacks and grays indicate a cool, moist period, 
during which the seas receive the waste directly from the land; (5) 
salt and gypsum (light colors), with sand, generally indicate a con- 
tinuous, dry climate; (6) alternating colors indicate changes in the 
type of climate; (7) greens have little value as indicators of climate: 
(8) problems of color are intricate and involved, and care should be 
taken to get down to the root of each problem. Let us suppose that the 
deposits in the Black Sea around the delta of the Danube were to be 
classified. The river rises almost wholly in a moist, cool region, in which 
there are crystalline rocks, glaciers, and a continuous cover of vegetation. 
It flows through dry to still drier areas and lays down its sediments 
in an area that is almost a desert bordered by semi-arid grasslands. 
What would the sediments tell ? 


11. MUD CRACKS 


Mud cracks indicate a mud bottom that has been for a time exposed 
to the air. Such mud bottoms are found in lakes, rivers, and ponds, 
or along river banks that are overflowed, or along the sea between high 
and low tide. Such bottoms may be exposed to the sun and air by the 
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tides, or by a lack of rainfall, which lowers the level of a river or lake. 

Conclusions: (1) Large mud cracks that are spread over a great area 
indicate a warm climate in an area where rain was unevenly distributed ; 
smaller mud cracks in an area of less size are of little value as indicators 
of ancient climate; (2) mud cracks filled with eolian sands indicate a 
warm climate, with winds and dry periods. 


12. COAL BEDS 


Coal is a compact mass of plants altered by decay that left mostly 
carbon and hydrocarbons. Decay takes place through carbonization, 
which changes the vegetable matter to peat, then to soft coal, and then 
to anthracite, by loss of hydrogen and hydrocarbons. 

The plants that formed most of our coal beds belonged to the genera 
Lepidodendron, Sigillaria, and Calamites. These plants can grow and 
be preserved only in low regions in which the climate is moist and the 
temperature cool enough to prevent the oxidation of a large part of the 
vegetation. Such a climate is also equable, and the water cover is 
essentially permanent. Similar flora are widéspread. The plant anal- 
ogies suggest a subtropical region in which copious rain is well distrib- 
uted. 

Conclusions: (1) The presence of coal indicates a subtropical to tem- 
perate, moist climate that had no wide variation during a long period®; 
(2) the alternation of coal beds with other deposits indicates changes in 
climate. 


18. TREE RINGS 


A tree growing in the temperate zone today records its age by the 
annual rings of growth seen in a section of its trunk, which indicate 
seasonal changes. Ancient fossil trees that are without rings do not 
necessarily indicate a climate without seasonal changes, for ancient 
vegetation in all zones was ringless. By studying and comparing the 
width of rings when they do occur much can be learned as to the climate 
of the past. Many trees of the later geologic past have been preserved 
through fossilization, and their rings, which are still visible, make them 
valuable indicators of climate. Thick rings indicate large annual 
growth, due to plenty of rainfall and favorable conditions. Thin rings 
indicate unfavorable conditions, particularly drouth. Rings differ greatly 
in thickness, and their differences suggest great differences in climate. 


® David White and Reinhardt Theissen: The origin of coal. U. S. Bur. Mines Bull. 
No. 38, pp. 68-84. 
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The giant Sequoias, whose period of existence forms but a tiny unit in 
the record of geologic time, have been closely studied and have revealed 
much valuable information as to climate. They have only a few thou- 
sand years to their credit and they tell only of recent geologic climates, 
but they agree remarkably well in indicating that periods of drouth 
alternated with periods of sufficient rain—periods covering scores or 
even hundreds of years. Fossil trees of Tertiary age may be studied 
with advantage to this same end. 

Conclusions: Tree rings are sensitive indicators of climate, especially 
of rainfall. Though the evidence now obtainable from tree rings covers 
only recent geologic time, it shows very correctly the climate of that time, 
and especially the short climatic cycles. 


GENERAL CONCLUSIONS 


Any climatic indicator is valuable in interpreting climate in propor- 
tion to (1) its abundance, extent, or occurrence throughout all geologic 
time; (2) its sensitiveness to climatic changes, for some indicators are 
closely related to climatic changes and others are not closely related ; 
and (3) the completeness and clearness of the record. 

The climatic indicators considered in this paper are arranged below 
according to their general value—that is, (1) according to the amount 
of evidence they furnish throughout all geologic time, and (2) accord- 
ing to their sensitiveness—that is, the intimacy of their relation to 
climate and climatic changes. Some of the indicators here considered 
are parts of a larger indicator, and in the ratings given below they have 
been combined with that larger indicator. For example, migration and 
evolution are combined with fossils. Marine flooding has been omitted. 

Rating according to abundance of evidence: 


1. Fossils. 

2. Limestone, oolites, and dolomite. 

3. Color of deposits. 

4. Glacial débris and forms. 
5. Coal beds. 

6. Salt and gypsum. 

7. Wind-blown sand; loess. 

8. Mud cracks. 

9. Feldspar. 

10. Tree rings. 


Rating according to sensitiveness : 


1, Tree rings. 
2. Fossils (certain species, and especially migrations). 
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3. Glacial débris. 

4. Coal beds. 

5. Salt and gypsum. 

6. Color of deposits. 

. Feldspar. 

8. Limestone, dolomite, and oolites. 
9. Mud cracks. 

10. Wind-blown sand; loess. 
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HisroricaL Inrropuctrion: THEORIES OF THE Bastin RANGES 


VIEWS OF KING AND GILBERT 


Gilbert’s explanation of the isolated mountain ranges in the Great 
Basin of the western United States as uplifted and more or less dis- 
sected fault-blocks has received, since its first announcement in 1874, 
several modifications, the most important of which is one proposed two 
years later by Powell, whose contribution thus made to the solution of 
the Basin-Range problem is not so well known as it deserves to be. 

It may be recalled, in this connection, that the first theory to account 
for the Basin ranges was proposed in 1870 by King, who then announced 
that they consist of “a series of conformably stratified beds, reaching 
from the early Azoic upto the late Jurassic period, when these level 
beds were compressed into vast mountain corrugations and elevated above 
the sea in a general wide and high plateau,” thus implying a late Meso- 
zoic date for their compressional deformation ; also, that while the ranges 
are ordinarily the tops of anticlines, the deep synclines between them are 


1 Manuscript received by the Secretary of the Society March 13, 1930. 
(293) 
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filled with Tertiary and Quaternary detritus, thus implying that the 
anticlinal ranges were much eroded.? Eight years later he made the 
date of deformation more definite by writing: “It seems probable . . . 
that the whole Great Basin region received its corrugation at the close of 
the Jura.” 

Gilbert rejected King’s view, partly because the ranges are not ordi- 
narily of anticlinal structure, partly because their base lines are not, as 
he thought King’s theory demanded, frayed out with marginal enirants 
excavated along weak formations between surviving salients of resistant 
formations. He believed, insteaf, that each range represents a fault- 
block uplifted without horizontal compression on vertical fissures, the 
fault trace defining the simple range margin.* His first announce- 
ment of this then novel idea in 1874 was followed by a fuller statement 
in his formal report, in which the faulting was regarded as generally of 
the same relatively remote date as that to which King had assigned the 
compressional deformation of the region, the deformation of the strata 
in the fault-blocks being explained by gravitative warping in association 
with the faulting. “The principal elevation was coeval with that of the 
first and chief elevation of the Wasatch Mountains and the Sierra Ne- 
vada, proved by Whitney and King to have occurred at the close of the 
Jurassic period.” * 

Largely in consequence of Gilbert’s observations and arguments, King, 
in 1878, added range faulting by vertical uplift in late Tertiary time 
to the compressional deformation of late Mesozoic time that he had pre- 
viously recognized: “Vertical dislocations took place after the whole 
area was compressed into a great region of anticlines with intermediate 
synclines.”® King was thus the first explicitly to state that the Basin 
ranges record two periods of disturbance, but he did not give special atten- 
tion to the erosion that must have been accomplished on the compressional 
ranges in the interval between the two disturbances; perhaps because he 
was, in the orthodox geological fashion of the time, more interested in 
underground structure than in surface form. 


A PHYSIOGRAPHIC PRINCIPLE INVOLVED 


[It is evident enough today that a clear understanding of any moun- 
tains which have experienced a recent period of disturbance can not be 


* Fortieth Parallel Survey, vol. 3, 1870, pp. 2, 451. 

3 [bid., vol. 1, 1878, p. 734; see also, p. 536. 

4 Wheeler Survey; Progress report, 1874, p. 50. 

5 Wheeler Survey, vol. 3, 1875, p. 24. 

6Fortieth Parallel Survey, vol. 1, 1878, p. 735; also, p. 744. 
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reached without the application of an important physiographic principle, 
hardly recognized in the ’70s; namely, that whenever a crustal movement 
of relatively recent date enters a regional problem, the pre-movement form 
of the region, the effect of the movement and the work of erosion or depo- 
sition in consequence of the movement must all be stated. To be sure, 
as far as underground structure is concerned, neither the first nor the 
third of the three terms need be considered; but as soon as surface 
form becomes an object of inquiry, all three terms must be specified. 
The neglect of this principle, even many years after the time of King 
and Gilbert, has left the physiographic description of various disturbed 
regions very incomplete. The application, of the principle to the Basin- 
Range problem was first made by Powell and Dutton. 


VIEWS OF POWELL AND DUTTON 


Pre-faulting erosion of the Basin ranges was first explicitly recognized 
by Powell, perhaps because he was geologically heterodox in being about 
as much interested in surface form as in underground structure. He 
appears to have accepted Gilbert’s fault-block scheme, though he did not 
state his grounds for doing so; and then, in accordance with a broad- 
minded philosophy, which taught him that “a mountain, as a mountain, 
is comparatively ephemeral,” he confidently asserted that before block 
faulting took place the Basin Range region was “a comparatively low 
plain, consisting of a general base level of erosion to which that region 
had been denuded in Mesozoic and early Tertiary time, when it was an 
area of dry land;” for “the Basin ranges, though composed of Paleozoic 
and Eozoic rocks, are, as mountains, of very late upheaval. . . . Each 
ridge [range] is but a small residual fragment of the great inclined 
block, and the interrange spaces are filled in with clays, sands and gravels, 
the waste of these blocks.” ? 

With our present understanding of the Basin-Range problem it is 
difficult not to read into this far-reaching pronouncement of fifty years 
ago more meaning than its author may have intended it to contain. 
Thus, although Powell gave little attention to King’s view that the 
Basin ranges were ordinarily of anticlinal structure, it is hardly possible 
that he was ignorant of that view, and hence hardly possible he did not 
perceive that “the base level of erosion to which that region had been 
denuded” represented the worn-down roots of whatever anticlinal moun- 
tains had been upfolded there. Indeed, his allusion to mountains as 


7 Geology of the Uinta Mountains, Washington, 1876, pp. 32, 33. 
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ephemeral forms implied the obliteration of any earlier upheaved struc- 
tures the region might have contained, as well as the recent upheaval of 
the existing ranges. But this may be too favorable an enlargement of his 
views, for the emphasis that he gave to ranges of simple monoclinal 
structure, which are by no means in the majority, would lead one to 
think he assumed that the strata of the region lay horizontal before the 
block faulting took place; and such an assumption would clearly exclude 
Mesozoic deformation. 

In any case, however, it was clearly Powell who first recognized that, 
whatever its structure, the Basin Range region had been, before its block 
faulting, worn down to a surface of low relief; and it was probably from 
Powell that his associate, Dutton, gained this understanding of the 
problem, which he extended and announced in fuller form four years 
later: “The flexures of the Basin Range strata are not, so far as can 
be discovered, associated with the building of the existing mountains in 
such a manner as to justify the inference that the flexing and the rearing 
of the ranges are correlatively associated. On the contrary, the flexures 
are, in the main, older than the mountains, and the mountains were 
blocked out by faults from a platform [the rocks of] which had been 
plicated long before, and after the inequalities due to such pre-existing 
flexure had been nearly obliterated by erosion.”* It may, therefore, 
be fairly inferred that these two investigators, and perhaps Gilbert also, 
understood that each tilted, range-making fault-block should have poten- 
tially possessed two kinds of surfaces; namely, a back slope, which must 
have been part of the previously worn-down lowland; and a front face, 
which must have been a newly developed fault scarp. Or, in a more 
evenly uplifted fault-block, its highland area would have been a part of 
the worn-down surface, and its two sides would have been fault scarps. 

It is curious that Gilbert did not, until many years later, make any 
application of the illuminating contributions of Powell and Dutton; and 
more curious still, that he then made no mention of Powell’s share. In 
his review of the Basin-Range problem, prepared when he returned to it 
late in life and published after his death, Gilbert wrote: “The idea that 
the Great Basin district, corrugated by folding at the close of the Juras- 
sic, had been reduced by erosion to a condition of low relief, aids the con- 
ception that the mountains of today were created by the later and 
disruptive deformation. It is distinctly Dutton’s addition, though King 
had paved the way for it.” The above citation from Powell’s Uinta 


* Geology of the High Plateaus of Utah, Washington, 1880, p. 47. 
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report makes it clear that “erosion to a condition of low relief” was 
without question Powell’s addition; Dutton’s addition was the explicit 
statement that erosion to a condition of low relief had taken place be- 
tween two periods of mountain-making disturbance. 


SIMPLIFIED STATEMENT OF THE BASIN-RANGE PROBLEM 


If it be imagined for a moment that erosion did not begin to act until 
faulting had ceased, a tilted block would assume the potential form illus- 
trated at the left end of the background section of figure 5, with its 
tilted back slope and its broken front face intact ; but, inasmuch as erosion 
inevitably accompanied faulting and continued after faulting ceased, the 
potential form is never realized; the actual form is shown in the fore- 
ground section. The imagined potential form is, nevertheless, a helpful 
concept, for it serves as a standard from which the erosion accomplished 
in bringing forth the actual form may be measured. 

It is also helpful, in briefly summarizing the Basin-Range problem, to 
name its several elements after the pathfinders who first announced 
them half a century ago; thus, one may say that the King mountains 
of late Mesozoic compressional deformation were worn down to the 
Powell surface of low relief in Tertiary time, before the extensional up- 
heaval of the Gilbert fault-blocks initiated the sculpturing of the Basin 
ranges as we know them today.” This makes it clear that here, as in 
so many other parts of the world, the mountains we now see are not in 
the cycle of erosion that was introduced by the compressional deforma- 
tion of their rocks, but in a later cycle that was introduced by upheaval 
without compression after the compressional mountains had been nearly 
or quite obliterated. Certain additional elements by which this over- 
simple scheme must be complicated will be mentioned below. 

Thus understood, the Powell surface must have truncated indifferently 
the various folded and faulted structures of the King mountains, the 
weaker rocks being reduced to local peneplains or plains, while the 
stronger rocks survived in low mounts or ridges. In view of the great 
volume of rock that had to be removed in the production of the Powell 
surface, the region of the Basin ranges must have had open drainage dis- 
charge while the removal was in progress; and the discharge may have 
been, in part at least, to the ocean; for the region of the Sierra Nevada, 


°The practice of giving the names of their discoverers to important principles or 
phenomena is less followed in geology than in other sciences. Mathematicians speak 
of Napierian logariths and Maclaurin’s theorem; astronomers, of Bode’s law and 
Halley’s comet; physicists, of Boyle’s law and Roentgen rays; biologists, of Lamarckism 


and Darwinism. 
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which had shared in the deformation of late Mesozoic time and the degra- 
dation of Tertiary time, was not raised as an enormous titled fault-block 
until the Basin ranges were upheaved ; so that it may be, in a certain sense, 
regarded as one of them. It is worth mentioning, in passing, that Gilbert 
was one of the earliest if not the first to make definite statement of the 
two-cycle quality of the Sierra Nevada.’® In the absence of that formida- 
ble barrier, a fair amount of rain may have fallen over the interior 
region; and this inland extension of rainfall should have increased 
as the region was worn down to a lowland. Under such climatic condi- 
tions, quite unlike the desert conditions of today, the occurrence of west- 
flowing, ocean-reaching rivers would have been all the more probable. 
The Powell lowland should, therefore, have had small elevation above sea- 
level; and the Basin-Range fault-blocks of today must have gained their 
potential altitudes by actual upheaval of their individual blocks, a move- 
ment in which many of the interrange trough blocks may have shared, 
but in lesser degree. Hence, it is inadmissible to believe, as Leconte 
proposed, that the Basin ranges were developed by the irregular collapse 
of a lofty regional arch which stretched from eastern California all 
across Nevada to the Wasatch Range of western Utah. 
LOUDERBACK’S CONTRIBUTION 


Powell’s acquaintance with the Basin ranges was limited; Dutton’s 
was no greater. Their pronouncements above quoted can hardly have 
been more than theoretical opinions with small observational basis. So 
the pronouncements remained for a quarter of a century; but they were 
then, in 1902, given a most convincing confirmation by Louderback, when 
he discovered that the back slopes of the two east-tilted fault-blocks seen 
in the Humboldt Lake ranges of northwestern Nevada are covered with 
lava sheets, which preserve beneath them the Powell surface previously 
worn down on the underlying folded strata of the King mountains, and 
which prove the faulting of the range blocks by their tilted dislocation. 
That observer says explicitly: “The erosion period represented by the 
pronounced unconformity between the bedrock and the superjacent vol- 
canic series had produced a country of very low relief, approaching, to 
say the least, a peneplain condition”; also, “the relief of the prevolcanic 
topography of the range was very low and at many places closely approxi- 
mated a plain” before the lava outpourings took place.4* Thus later 
observation supported earlier theory. 


1 Science, vol. 1, 1883. 
1G. D. Louderback: Basin Range structure of the Humboldt region. Bull. Geol. 
Soe. Amer., vol. 15, 1904, pp. 289-346; see pp. 307, 337. 
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However other geologists may feel about it, it seems to me highly ap- 
propriate that the lava sheets, which were thus spread unconformably on 
the Powell surface of the worn-down King mountains, and which now 
cover the back slopes of the tilted Gilbert blocks, should be called Louder- 
backs, after their discoverer, thus adding a fourth term to the simplified 
description of the Basin ranges. It is no less than astonishing, the clear- 
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FIGURE 1.—West Face, northern part of Argus Range, southeast California 
Showing step faults in the lava-covered rock mass. 
ness with which the truth of the enlarged interpretation of Powell’s 
views, as above indicated, is thus demonstrated: for the Louderbacks 
prove the obliteration of the earlier mountains of compression by long- 
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FIGURE 2.—Eastern Slope, northern part of Argus Range 
Showing eroded surface where not lava covered. 
continued degradation, and the production of the existing mountains by 
later upfaulting. 
Since the structure of the Humboldt Lake ranges was elucidated, a 
number of other more or less completely Louderbacked ranges have been 
found. For example, in my own brief experience of later years in the 
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Great Basin, I have seen in the neighborhood of Death Valley in south- 
eastern California, nine successive fault-blocks, all more or less lava- 
covered, all tilted to the east and all more or less eroded. Three of them 
form ranges of considerable magnitude. The westernmost of these is the 
Argus Range, the back slope of which is more or less lava-clad in its 
northern and southern parts. The northern part of its western face 
shows several narrow, lava-covered fault slabs, as in Figure 1, which 
indicate that the uptilting of the range block was there accomplished by 
step-faulting. The back slope, being imperfectly lava-covered, is greatly 
eroded where lava protection is wanting, as shown in Figure 2. A general 
cross-profile of the range is given in Figure 3. The second range, or 
Panamint Mountains, has a heavy lava cover on its northern exten- 
sion ; the third range, or Black Mountains, between which and the Pana- 
mint Mountains lies Death Valley, has only a small, coffin-like patch of 
lava on the back slope near its midlength. 


FIGURE 3.—Rough cross-section, northern Part of Argus Range 


Showing it as a tilted and eroded fault-block. 
Tue Peacock RANGE 


Many of the Basin ranges are not Louderbacked, and most of them are 
so much eroded that they show no traces either of the Powell surface on 
the ridge crests of the back slope or of a fault scarp in spur-end facets 
along the frontal base-line. The fault-block origin of such ranges, there- 
fore, remains without demonstration. The Peacock Range of northwest- 
ern Arizona is here of interest, because it serves as a connecting link 
between the Humboldt Lake and other well-Louderbacked ranges of de- 
monstrably fault-block origin, and various non-Louderbacked and 
much-eroded ranges of uncertain origin; for, although its granitic mass 
is, as a whole, elaborately carved, it preserves several little Louderbacks 
on its back-slope spur ends, which demonstrate a fault-block origin in 
the most gratifying manner; and it thus gives better reason than was 
before available for believing that many well-eroded ranges which have 
no Louderbacks whatever may also be fault-blocks. 

This small range, named after its discoverer, G. H. Peacock, member of 
the Ives Expedition, 1858, trends north-south and stands about 50 miles 
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south of the issue of the Colorado River from its Grand Canyon, and 
about 15 miles west of the retrograded fault scarp known as the Grand 
Wash cliffs. The cliffs, trending northwest-southeast, make a rapid 
eastward ascent of some 3,000 feet from the desert intermont plains of 
the Basin Range province to the broad expanses of the Plateau province. 
The Peach Springs entrant in the cliffs, an imperfectly explained feature, 
lies opposite the north end of the range; there the Santa Fe Railroad 
and a cross-country highway descend from the Plateau country and 
curve around the north end of the range on their way westward. The 
range is included but not well shown on the topographic map of the 
Diamond Creek quadrangle, 1:250,000. It has been seldom referred to 
in geological reports. The Ives Expedition of 1857-58 passed near by, 
but said next to nothing about it. Fifteen years later, Marvine of the 
Wheeler Survey briefly recorded that “the Peacock mountains . . . 
exhibit plutonic outlines with considerable lava near their bases.” ?* 
Schrader notes that they “are composed of pre-Cambrian granites and 
have their steeper slope to the west.” '* Lee’s references to the range 
are noted below. 

The geological map of Arizona, published in 1924, shows the north- 
south length of the range to be about 15 miles, and its breadth 8 miles; 
its greatest height is 6,268 feet ; it is colored as granite, with several small 
patches of lava on its eastern side. Darton’s text '* that accompanies the 
map does not describe the range. 

As the range is composed of massive granite, its fault-block origin is 
not indicated by the oblique termination of various stratified formations 
along the frontal base-line, as is the case with the House Range of west- 
ern Utah, which appears first to have suggested range faulting to Gilbert,’® 
and with various other ranges. Moreover, the range is so greatly eroded 
that a narrow pediment or rock floor seems to be developing between its 
retreating western base and the long detrital slope that slants down to 
the broadly aggraded plain, known as Hualpai Valley, which occupies 
the trough between the Peacock and Cerbat ranges. Its western base-line 
is therefore losing the simple pattern appropriate to a little-dissected 
fault-block and becoming more and more fan-dented, although it is not 
yet fan-bayed. The crest.of the range no longer rises near its faulted 


14N. H. Darton: Résumé of Arizona geology. Univ. Arizona Bull. 119, 1925. 

131°, C, Schrader: Mineral deposits of the Cerbat Range, Arizona. U.S. Geol. Surv. 
Bull. 397, 1909. 

14N. H. Darton: Résumé of Arizona geology. Univ. Arizona Bull. 119, 1925. 

1 Biographical Memoir of Grove Karl Gilbert. Mem. Nat. Acad. Sci., vol. 21, 1927, 
pp. 56, 244. 
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side, as it should in a young fault-block, but follows a nearly medial 
course in consequence of the retrogressive growth of the fault-face ra- 
vines. Its eastern and western slopes are not strikingly unsymmetrical, 
as they are in less eroded fault-blocks—for example, the Warner Range 
in northeastern California *® and the Galiuro Range in southeastern 
Arizona **—but have fairly equal declivities. In short, nowhere but in the 
little Louderbacks on the back-slope spur ends does the Peacock Range 
afford any evidence of its fault-block origin; yet the evidence of such 
origin given by those inconspicuous little features is, especially when they 
are considered in connection with the lava-covered Truxton mesa near by 
on the east, altogether satisfactory. That mesa may therefore be next 
described. 


THE TrRUXTON MESA 


This well-defined feature is the narrow northern end of an extensive 
lava-covered plateau, which spreads to a width of 50 miles as it stretches 
more than that distance to the south, where its western scarp forms the 
Aquarius cliffs. It has been well described by Lee as made of “pre- 
Cambrian granites overlain by Tertiary rhyolites and andesites, together 
with basalt of more recent origin . . . which fill the depressions, 
leaving the higher granite points exposed above the lava. In other words, 
the Truxton Plateau [mesa] is a lava-covered peneplain, which has been 
slightly dissected by a few streams which have cut narrow canyons 
‘ a fact indicative of comparatively recent uplift.’** One of 
these narrow canyons is cut through the whole width of the mesa near 
its north end where the altitude of the mesa is about 5,000 feet, and is 
followed by railway and highway from the Peach Spring entrant in the 
Grand Wash cliffs to the Peacock Range. The canyon walls which rise 
nearly 1,000 feet near the west end, expose excellent sections of the mesa 
structure. The buried surface of the granite, which is evidently part 
of the Powell surface, has been described as “exceedingly irregular,” ?® 
but through the canyon, at least, it might be better said to be moderately 
uneven. The degraded surface of which it is a small part was called 
the Mohave peneplain by Lee, who recognized that before its elevation 


16R. J. Russell: The Warner Range, California. Univ. Calif. Geol. Bull. vol. 17, 1928, 
pp. 387-496. 

17 W. M. Davis and Baylor Brooks: The Galiuro Mountains, Arizona. Amer. Journ. 
Sci., vol. 19, 1930, pp. 89-115. 

is W. T. Lee: Geologic reconnaissance of a part of western Arizona. U. 8S. Geol. Surv. 
Bull... 352. 1908, p. 21. 

19 Guide Book to the western United States. Vart C. The Santa Fe route. .U. S. Geol. 
Surv. Bull. 613, 1915, p. 137. 
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it extended westward into the Basin Range region and eastward into the 
Plateau region. It was therefore part of the worn-down region which, 
in the eastern Plateau area was detected by Newberry in 1858 as “a 
much greater monument of the power of aqueous erosion than even the 
stupendous caiion of the Colorado.” *° Although this early observer did 
not see that the greater erosion had taken place before the regional eleva- 
tion which provoked the lesser erosion, his recognition not only of the 
canyon as a product of narrow erosion but even more of the highland as 
a product of broad erosion, deserves high rank as a contribution to physi- 
cal geology. It is worth adding that Newberry’s work as a geologist was 
not his chief duty; he accompanied the expedition primarily as its phy- 
sician and only secondarily “took charge of the Natural History depart- 
ment.” The broad degradation that the weaker members of the Plateau 
have suffered since its elevation has been well discussed by Robinson.* 

The value of the Truxton mesa in the present connection lies in the 
much larger area of the Mohave peneplain or Powell surface that it pre- 
serves and exhibits under its lava cover than is to be found under the 
little Louderbacks in the Peacock Range. They clearly enough suggest 
the occurrence of an underlying peneplain, but they hardly suffice to 
prove it. Yet that the little Louderbacks are parts of the extensive lava 
cover which extends far southward from the Truxton mesa, and that 
the floor on which they rest is part of the granite peneplain so well seen 
beneath the lava cover in the Truxton gorge can hardly be questioned in 
view of the field relations, even though a fault of moderate throw sepa- 
rates them. 

The little spur-end lava covers at the eastern base of the Peacock Range 
thus come to have essentially the same value as the much larger lava 
covers of the Humboldt Lake ranges in demonstrating the fault-block 
origin of their mountains. This was not, however, noted by Lee, who 
referred to the range only as a detached mountain group northeast of 
the much larger Hualpai Mountains, which are also composed of granite, 
and which, although they have no Louderbacks at all, he mapped as 
limited by a fault along their western base. He did not map or describe 
the Peacock Range as a tilted fault-block, although he noted that “small 
masses [patches of lava capping] in the Peacock Range are probably parts 
of the lavas covering the Truxton Plateau [mesa] that have been let 
down to their present position by faulting” (page 59). 


20 J. C. Ives: Colorado River of the West. Washington, 1861. Part III, Geo- 


logical report by J. S. Newberry; see p. 86. 
21H. H. Robinson: The Tertiary peneplain of the plateau district 
and New Mexico. Amer. Journ. Sci., vol. 24, 1907, pp. 109-129. 
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Tue Tittep Peacock FAULT-BLocK 
THE FORMATIONS INVOLVED AND THEIR DEFORMATION 


The argument which leads to the belief that the Peacock Range origi- 
nated as a tilted fault-block is as follows: The granite of the range ap- 
pears to be of ancient date, for a similar granite may be traced with a 
fairly even upper surface along the base of the Grand Wash cliffs and 
into the bottom of the Grand Canyon, as is shown in a series of sections 
in Darton’s above-cited Résumé of Arizona Geology (Figure 4, page 175). 
The granite had therefore been worn down to low relief before it served 
as a slowly subsiding floor for the great series of Paleozoic and Mesozoic 
strata which were deposited over it in nearly conformable sequence to a 


PE 


Ficture 4.—Block Diagram showing deformed King Strata on Granite in Background 
The worn-down Powell surface in background block, and the partly lava-covered Powell 
surface in foreground block. 


thickness of 7,000 or 8.000 feet. The compound mass was then uplifted 
with folding and faulting of late Mesozoic date in the King mountain 
area, as in the background section of Figure 4. The upheaval continued 
eastward with lessening value, the deformation weakening and dying out 
near the present line of the Grand Wash cliffs: for in the Plateau province, 
of which those cliffs here mark the western boundary, the strata lie 
nearly level, as in the right part of the background section. Yet even 
there the upheaval must have measured several thousand feet, inasmuch 
as it resulted in the removal of some such thickness of strata in the 
preparation of the Powell surface over the Plateau province; while in 
the King mountain region the upheaval must have been as great as or 
greater than the total measure of the previous subsidence, because there 
the granites are not only stripped of their heavy cover but are worn 
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down to a lower level than that of the floor on which the sedimentary 
series was deposited. 

Let it be added that farther to the east the nearly level strata of the 
Plateau province were disturbed by wide-spaced faults and flexures, a 
general view of which is given in a contour map constructed by Darton 
(Résumé, plate 52) to represent the base of the Kaibab limestone, a re- 
sistant formation about the middle of the series, which now caps much of 
the Plateau country near its western border. It is noteworthy that the 
course of the Colorado appears to be consequent upon certain ones of 
these faults and flexures, rather than antecedent to them: thus it makes 
a detour 30 miles southward around the greatest upflexed dome of the 
region, the Kaibab: and farther west it runs for a similar distance near 
but not on the 600-foot fault that separates the westernmost (Shivwits) 
from the second (Uinkaret) plateau block, as was first shown by Gilbert,?? 
and later illustrated by Darton in his Résumé of Arizona Geology (figure 
8); thus suggesting that the river had there taken a consequent course 
at an early stage of the cycle of erosion during which the Powell surface 
was degraded over the Plateau country, but had wandered a little distance 
away from the fault line in the later stages of that cycle, before incision 
to its present depth in the following cycle, now current. Also, the 
northwestward course of the river from this near-fault course across the 
westernmost (Shivwits) plateau block, where the strata are gently in- 
clined to the northeast, must have been in the earlier cycle along a 
subsequent valley, because it then followed a weak (Supai) formation 
between two resistant (Red Wall and Kaibab) limestones, below which its 
present course is incised. 

It should be remembered, furthermore, that great volcanic outpourings 
occurred in the Plateau country in the later stages of the degradation of 
the Powell surface; and such outpourings were pretty surely competent 
to divert the Colorado River to a new course if they happened to break 
out where it was running. All these considerations lead to the conelu- 
sion that the Colorado has not had so simple a history since the faulting 
and flexing of the Plateau provjnce as is implied by briefly saying that 
its course was defined antecedent to those disturbances, and maintained 
in spite of them. The enormous volume of erosion that was involved in 
the degradation of the Powell surface was much greater than even the 
excavation of the stupendous canyon, as Newberry so well said, and must 


have demanded a long measure of time during which yarious changes of 


22 Wheeler Survey, vol. 3, 1875, figure 31. 
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river course might have been accomplished. It may be added that the 
faults and flexures of the Plateau country appear to be of later date than 
the Mesozoic deformation of the King mountains, for some of them 
affect Cretaceous and Eocene formations; but they were, on the other 
hand, of earlier date than the faults of the Grand Wash cliffs and of the 
Basin Range blocks, for the erosion that took place on the Plateau coun- 
try after it was faulted and flexed was carried very far.** 


DEVELOPMENT OF THE POWELL SURFACE 


The Powell surface was developed by long-continued degradation dur- 
ing and after the upheaving deformation of the region; and it extended, 
as Lee noted, across both the greatly disturbed area of the King mountains 
and the less disturbed area of the Plateau province, as in the background 
lowland of Figure 4. In the district with which we are in this article 
more particularly concerned, all the stratified formations were removed, 
so that the Powell surface hereabouts was occupied only by granite. The 
absence of the stratified formations from this part of the Powell surface 
has raised the question whether they have been removed from the district 
by great erosion after great upheaval, or whether they were never de- 
posited here because the district was an area of dry land. The former 
alternative has already been adopted in the preceding section and for 
the following reasons: First, the far-advanced degradation of the granite, 
as seen in the low relief of its surface under the Paleozoic formations of 
the Grand Wash cliffs, implies that it was similarly reduced to low relief 
farther to the west as well: and it should, therefore, have been sub- 
merged and buried during the great subsidence that went on through 

,aleozoic and most of Mesozoic time: but it is, on the other hand, of 
course, conceivable that this part of the granite area may have been 
saved from submergence and burial by a relatively local: upheaval; 
second, the chief limestones of the Paleozoic series (Red Wall and 


Kaibab) are not described as showing indications of a neighboring shore 
line by changes in their composition or thickness; third, the attitude in 
which the lower Paleozoic formations lie where they are beveled off in 1 
the Powell surface of the Plateau province suggests very strongly that, ] 
previous to such beveling, they had a much greater westward extension 

than now; fourth, the Paleozoic formations were surely involved in the I 


deformation of the King mountains both to the northwest of our district 


23 W. M. Davis: Notes on the Colorado canyon district. Amer. Journ. Sci., vol. 10, 
1900, pp. 251-259. An excursion to the Grand Canyon of the Colorado. Bull. Mus. 
Comp. Zool, Harv. Coll., vol. 38, 1901, pp. 107-201. . 
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in the Virgin range ** beyond the Colorado River, and to the southeast in 
the Mescal and other ranges,*> for portions of them are still visible in 
those ranges after suffering double loss: First, in the degradation of the 
deformed King mountains to the Powell surface; second in the dissec- 
tion of the tilted Powell surface to the existing fault-block ranges. What- 
ever conclusion is eventually reached as to the westward extension of 
the stratified formations over the granite floor, there can be little doubt 
that that floor was upheaved hereabouts with whatever cover it carried 
at the time of the late Mesozoic deformation, and that it was worn down 
to low relief in the preparation of the Powell surface over this part of 
the Basin Range region. 

In the neighboring part of the Plateau province the Powell surface was 
formed, as above intimated, by the very oblique beveling of the gently 
inclined Paleozoic formations, after the overlying Mesozoic formations 
had been stripped away. It is because of this oblique beveling that the 
present outcrops of the successive formations now spread over so much 
greater a breadth than their own thickness. For example, the four 
formations, Red Wall, Supai, Coconino and Kaibab, which are beveled 
in the western (Shivwit) plateau block, have a total thickness of about 
3,000 feet; yet they spread over a surface some 25 miles in width across 
their strike. It is along the medial part of this beveled surface that the 
subsequent course of the Colorado River, above noted, was developed. 


THE GILBERT FAULT-BLOCKS 


Not until the degradation of the Powell surface was essentially com- 
pleted were the Truxton lava sheets poured out upon it as in the fore- 
ground of figure 4; and not until after the lava outpourings were 
finished did the displacement of the Gilbert fault-blocks and of the Grand 
Wash cliffs take place. The faults and flexures of the Plateau province 
do not appear to have suffered further movement when the Grand Wash 
faulting took place.** The Grand Wash fault hereabouts is there- 
fore of much later date than the faults and flexures that subdivide the 
Plateau province. 

The potential forms of three faulted masses are represented in the 
background of Figure 5, which follows the foreground of Figure 4. 
The three masses are the tilted Peacock block, the evenly uplifted Trux- 


24N. H. Darton: Résumé of Arizona Geology, p. 172, figure 3. 

23, L. Ransome: U. S. Geol. Surv., Ray Geologie folio. 

26 W. M. Davis: An excursion to the Plateau province to Utah and Arizona. Bull. Mus. 
Comp. Zool, Harv. Coll., vol 42, 1903, pp. 1-50. 
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ton block, and the western margin of the more strongly uplifted Plateau 
region. It is noteworthy that both the late Mesozoic compressional de- 
formation of the King mountains and the late Tertiary extensional dis- 
placement of the Gilbert blocks were limited on the east, in this district 
at least, along the present line of the Grand Wash fault. Although the 
forces involved in the two disturbances were very unlike they both seem 
to have been applied to the same region. 

A few words may be given to the reason for regarding the Gilbert 
blocks as the effect of extensional forces. Gilbert’s first idea was, as 
already told, that the faulting took place on vertical fissures; but he 
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Figure 5.—Block Diagram of the Peacock Range 
Showing potential forms of the Peacock Range tilted fault-block, evenly uplifted 
Truxton fault-block and western part of Arizona plateau in background, and their 
actual forms in foreground. 


later became convinced, especially by observations along the western face 
of the Wasatch Range in Utah, that the fault planes slant at no very steep 
angle to the down-throw. Several later observations have confirmed this 
opinion, as follows: Gilbert measured the dip of the Wasatch fault plane 
at several points, finding it to vary from 29° to 45° with an average of 
33°." Pack found two artificial exposures of the plane at Salt Lake 
City with dips of about 70°.°* Buwalda determined the dip for several 
ranges to average about 60°.°° R. J. Russell found the main and branch 
faults of the Warner Range to vary from 55° to 73°.°° Bailey found 
four exposures of the Bear River Range in northern Utah to vary from 


27 G. K. Gilbert: Studies of Basin-Range structure. U. 8S. Geol. Surv., Prof. Paper 
153, 1928. 

28. J. Pack: New discoveries relating to the Wasatch fault. Amer. Journ. Sci., vol. 
11, 1926, pp. 399-410. 

2°97. P. Buwalda: Slope of Basin-Range faults and scarps. Bull. Geol. Soc. Amer., 
vol. 38, 1927, pp. 206-207, supplemented by personal communication. 

3°R. J. Russell: . . . The Warner Range, northeastern California. Univ. Calif. 
Geol. Bull., vol. 17, 1928, pp. 387-496; see pp. 442-458. 
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35° to 28°.31 My own observations of the little-eroded scarps of re- 
newed faulting along the west faces of the Panamint and Funeral ranges 
in southeastern California indicate that the fault planes there dip at a 
somewhat lower angle than 45° or 40°.%? 

If such be the general attitude of the planes on which the Gilbert blocks 
have been faulted, it seems clear that the displacement must have involved 
a horizontal extension of the Great Basin in a direction transverse to 
the general north-south or northwest-southeast trend of the Basin ranges ; 
in other words, that the east-facing scarp of the Sierra Nevada in east- 
ern California and the west-facing scarp of the Wasatch Range in west- 
ern Utah are now farther apart than before, in consequence of the tilting 
displacement of the Basin Range fault-blocks. 

It is, to be sure, geometrically imaginable that the observed fault 
planes are not parts of profound fissures, but are the faces of down- 
slides provoked by the increasing overhang of compressional faults; that 
being an explanation proposed by certain observers to account for the steep 
scarps in parts of the great African rift valleys. In apparent favor of this 
view it may be noted that a considerable number of landslides of various 
dimensions and dates are known along the base of the Wasatch Range 
in Utah, and a very large, maturely dissected slide lies along several miles 
of the base of the Canyon Range, farther west in Utah. But all these 
slides seem to be sufficiently accounted for as consequences of steep-dip- 
ping extensional faults. Moreover, the recent fault scarps of the Pana- 
mint and Funeral ranges have so little detritus along their bases that 
they can not possibly have been transformed from overhanging fault faces 
by downslides of large volumes of rock. The Basin Range faults cannot 


be compressional. 
SIGNIFICANCE OF THE PEACOCK RANGE LOUDERBACKS 


It must be clearly understood that, although the faults between the 
Peacock Range and the Truxton mesa and between the Truxton mesa 
and the Plateau country are well proved on stratigraphic evidence, no 
direct evidence of faulting is to be found along the western base of the 
Peacock Range. Yet a strong fault there gives by far the best, indeed, 
the only reasonable explanation for the slanting attitude of the little 
Louderbacks at the eastern base of the range, where they are dislocated 
from their continuation in the Truxton mesa. The two that I saw are 


31R. W. Bailey: The Bear River Range fault, Utah. Amer. Journ, Sci., vol. 18, 1927, 
pp. 497-502. 

32 W. M. Davis: The Basin-Range problem. Proc. Nat. Acad. Sci., vol. 11, July, 1925, 
pp. 387-392. 
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opposite the west end of Truxton canyon, where they are in plain view 
from every passing train or car in daylight hours. One of them is out- 
lined in Figure 6 from a photograph by Mr. Robert Heinemann, of the 
Arizona Bureau of Mines. The State geological map shows several others 
6 or 8 miles farther south. It is, of course, possible that the up-faulting 
of the western side of the Peacock block was accomplished in step faults, 
like those of the Argus Range, figured above; or that the granite mass 
may have been more or less sheared or flexed as it was raised, thus dimin- 
ishing the displacement on actual faults; a dislocation by faulting 
would seem more probable than by flexing for a massive rock, had I not 
seen a beautiful flexed peneplain of granite near Riverdale, in southern 
California. 

Further evidence of faulting along the west base of the Peacock Range 
is found in the Cerbat Range, some 12 miles distant to the west, across 
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FIGurE 6.—One of the small Louderbacks at eastern base of Peacock Range, looking south 


the aggraded Hualpai trough ; for, according to Darton, the Cerbat Range 
on the farther side of the trough shows at its southern end where it is 
crossed by the Santa Fe Railroad—the town of Kingman occupies part 
of the notch—a heavy, east-slanting Louderback resting on an even sur- 
face of granite; and if the eastward slant of the granite surface there 
seen were continued all across the Hualpai trough, a down-faulting of 
several thousand feet at the base of the Peacock Range would be de- 
manded. 

It may, therefore, be inferred that, at an earlier stage of fault-block 
history, the Peacock Range would have shown spur-end facets somewhat 
less steep than its limiting fault along its western base, and spur-crest 
remnants of the Powell surface on its back slope; but no trace of these 
significant features is to be seen in the actual range, of which the fore- 
ground section of Figure 5 gives a conventionalized illustration. The 
range thus appears to be greatly reduced from its- potential dimensions. 
Similarly the Truxton mesa is narrowed and trenched ; while the down- 
faulted trough between it and the Peacock Range is moderately aggraded 
in a flat floor; the village of Hackberry lies on that floor a little north 
of the Truxton canyon. The Grand Wash fault is fairly well worn back 
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in the cliffs of the same name, in which the basal slope is of granite, a 
small bench at mid-height is formed by the Tonto sandstone, and the 
cliff top is held by the Red Wall limestone; this limestone is a con- 
spicuous mid-height feature in the walls of the Grand Canyon for many 
miles eastward from its mouth through the Plateau country. Inasmuch 
as a patch of lava has been found on the top of the cliffs, where they 
advance somewhat in a salient known as Music Mountain next north of 
Peach Spring entrant, it may be inferred that the northernmost exten- 
sion of the Truxton lavas there overran, as shown in Figures 4 and 5, 
a part of the Powell surface which was occupied by the beveled edges of 
the gently inclined stratified formations. 


COMPLICATIONS OF THE BASIN-RANGE PROBLEM 


The outline of the Basin-Range problem given in an earlier section 
must be enlarged by various complications in order to include the many 
departures from the simple scheme there set forth. The King com- 
pressional deformation was not limited to late Mesozoic time ; it continued 
into Tertiary time near the eastern border of the Basin-Range province 
in central and southeastern Arizona. The transformation of the Powell 
surface into Gilbert fault-blocks must have been distributed through a 
considerable interval of time; for while certain ranges, especially those 
lying to the north, are but moderately eroded, others, especially certain 
ones well to the south, are so far encroached on by erosion that they are 
largely worn down to pediments or rock floors over which only residual 
mounts and monticules survive. Several examples of such pediments 
have been described and illustrated by Brvan,** and Lawson has told of 
certain large rock domes of gentle convexity in southeastern California, 
from which all traces of their former mountainous topography has dis- 
appeared, and for which he proposes the name of panfans.** 

It must be noted, however, that there is no direct proof that these 
greatly consumed masses began the cycle of erosion which they have so 
nearly completed as upheaved fault-blocks; such a beginning for them is 
suggested only because other less consumed masses in their neighborhood 
give evidence of that origin. For example, the Sacaton mountains, some 
50 miles south of Pheenix, in the south-central part of Arizona, which 
Bryan instances as surrounded by a typical pediment, is not far south- 


33 Kirk Bryan: The Papago country, Arizona. U. S. Geol. Surv. Bull. 730, 1923; 


see pp. 52-65. 
# A, C. Lawson: Epigene profiles of the desert. Univ. Calif. Geol. Bull., vol. 9, 


1915, pp. 23-48. 
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east of the much more vigorous Estrella Range, near the mid-length of 
which a body of well-foliated schists dips with the trend of the range and 
is almost squarely truncated by the northeastern base-line, as in Figure 
7, in such a manner as to leave little doubt that the range is a dissected 
fault-block. Similarly, the Sierrita mountains, some 25 miles southwest 
of Tucson, farther south in Arizona, is surrounded by a well-developed 
pediment, so that its origin is unknown; but the Tucson Range not far 
away appears to be a heavily Louderbacked and much dissected fault- 
block. Moreover, in the Death Valley region of southeastern California, 
both the Panamint and Black mountains have suffered intermittent fault- 
ing of very variable measure along their length; the same is true of the 
Wasatch Range, as Gilbert has shown,** and also of the Galiuro Range of 
southeastern Arizona, to which reference has been made above. 


Be 


Figure 7.—Rough sketch of mid-length, Estella Range 
The location is 40 miles west of Phonix, Arizona. 


It is, indeed, probable that before faulting actively began, the worn- 
down Powell surface was irregularly warped, as if in premonition of 
faulting; for before it was faulted certain parts of its surface were 
rather heavily overspread with stratified gravels, sands and silts, as if 
down-warped areas were then receiving unconformable covers of detritus 
from neighboring up-warped areas; and to those stratified deposits the 
ash and dust ejected from voleanoes very likely contributed a. sig- 
nificant share of material. They may have suffered movement and erosion, 
followed by continued deposition. After block-faulting took place, some 
of the tilted blocks bore these stratified deposits in moderately inclined 
attitudes on their back slopes; and in some cases the stratified deposits 
were more or less deformed near the fault planes. The relatively weak 
covering strata were then rather soon worn down to low relief and thus 
made part of the interrange plains, while the more resistant rock-mass 


3G. K. Gilbert: Studies of Basin Range structure. U. S. Geol. Surv. Prof. Paper 
153, 1928; see. p. 49. 
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still survived in mountainous relief. Blackwelder has recently called 
attention to interrange plains of this degrational origin,** in contrast 
to others of aggradational origin, such as all the interrange plains were 
formerly thought to be. The increase of interest that goes with the in- 
crease of complexity of the old Basin-Range problem is manifest. It 
will clearly enough afford abundant opportunity for investigation and 
discovery for years to come. 


3 Eliot Blackwelder: Origin of the desert basins of the southwest United States. 
Bull. Geol. Soc. Amer., vol. 39, 1928, pp. 262-2638. 
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INTRODUCTION 


The circular structural depression here described is one of at least two 
extraordinary “sinks,” 24% to 3 miles in diameter, found in central Kan- 
sas. Its center is near the middle of sec. 28, T. 16 S., R. 4 E., in Dickin- 
son County, Kansas, 4 miles southwest of Herington. Another similar 
“sink” has its center near the middle of the east line of sec. 20, T. 15 S., 
R. 5 E., in Morris County, about 9 miles northeast of the one here de- 
scribed. These two “sinks” appear to differ only in that the northeastern 
one is somewhat elliptical in outline, being slightly longer from north 
to south instead of round. 

The surface rocks of the region include the Permian limestones called 
the Herington lime and the Pearl lime, which are well exposed near the 
“sinks” and provide good control for structural mapping. The struc- 
tural depressions are only weakly reflected in the surface topography. 


STRUCTURE AS SHOWN BY SURFACE Rocks 


The details of the surface structure of the “sink” in sec. 28, T. 16 S., 
R. 4 E., are shown in figure 1 by two-foot contours drawn on the top of 
the Herington lime. This sink has a maximum structural depth of 95 
feet and an average depth of about 75 feet. Its noteworthy features are 
the regularity of its outline, the slightly elevated rim that nearly sur- 
rounds it, the distinct gap in the rim on its west side, and the series of 
low knobs and saddles that form the rim. 

The sink lies at the west end of a westward-plunging anticlinal nose 


1 Manuscript received by the Secretary of the Geological Society March 6, 1930. 
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“SINK” STRUCTURE 
in 
T 16S, RYE. 
DICKINSON COUNTY, 
KANSAS. 


Contour interval 2 feet 
for true elevations add 
feet to contour elevations. 


FIecRE 1,—Sink Structure 


in Dickinson County, Kansas 
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embracing the southeastern two-thirds of T. 16 S., R. 4 E. This anti- 
clinal nose is shown not only by the surface beds but by the base of the 
“Mississippi lime,” which as mapped from well logs is shown in figure 2. 


INTERPRETATION MADE BEFORE DRILLING 


The general appearance of the depression—its circular form, its en- 
circling, slightly elevated rim, and the gap in one side of the rim— 
strongly suggests the topographic form produced by the erosion of a 
dome having a resistant cap underlain by weaker rocks, the erosion 
forming a basin lying within a circular rim. 

This appearance and a knowledge that conditions favorable to the 
formation of such a topographic form existed when the unconformity at 
the top of the “Mississippi lime” was created led to the formulation of 
the hypothesis that the “sink” might be the surface expression of a buried 
basin whose rim-rock scarp had been breached on one side; that it might 
be due to the burial of an old surface under beds of basal Pennsylvanian 
shale, which as they become compacted settled most where they were 
thickest—that is, over the lowest parts of the basin—and thus gave to 
the surface beds a structural form that is a weakened replica of a 
topographic form beneath. 

If this hypothesis were correct, the center of the structural depression 
would have been a favorable place in which to prospect for oil, for it 
would have lain over a dome in the rocks beneath. 

Much of the evidence available seemed to favor this hypothesis. The 
“Mississippi lime” had been eroded and beveled prior to the deposition 
of the Pennsylvanian shale, and its surface had considerable topo- 
graphic relief, as is shown by the logs of wells drilled in the nearby Lost 
Springs oil field. The “Mississippi lime” in this region is only a beveled 
remnant, and it has been completely removed a few miles farther east. 
A pronounced doming in the region here considered would therefore have 
been sufficient to have brought its base above the line of beveling and to 
have exposed the weak shales beneath. The Skelton shale, which under- 
lies the “Mississippi lime,” is a weak bed, which might be eroded out of the 
center of the dome while the beveled edge of the “Mississippi lime” 
formed the rim rock. The gap on the west side of the rim suggested a 
gorge through which the basin was drained. The logs of nearby wells 
show that the base of the “Mississippi lime” rises toward the rim of the 
“sink,” as shown in figure 2, and by logs of wells Nos. 2 and 3 of figure 3. 
Well No. 3 of figure 3, drilled on one of the knobs on the rim of the 
“sink,” penetrated 132 feet of “Mississippi lime”; well No. 6, drilled in 
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a saddle on the rim, showed only the bottom 40 feet of the “Mississippi 
lime.” These facts seemed to indicate that the knobs and saddles on the 
rim of the “sink” represented similar features on the “Mississippi lime.” 
Finally, if the Skelton shale had all been eroded away, its thickness of 
170 feet plus the 132 feet of “Mississippi lime” on parts of the rim 
would, when the region was later buried under shale, have given a possi- 
ble thickness of more than 300 feet of shale, which by its differential 
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Figure 2.—Structure of Base of Mississippi Lime 


settling might have given the 75 to 90 feet of surface structural depres- 
sion mapped. This ratio of settling is not excessive, according to the 
writer’s observations in other places. 


REsUuLTS OF DRILLING 

In order to test this hypothesis a well was drilled in the center of the 
“sink” to a depth of 3,001 feet. This well disproved the theory just 
outlined but left the problem of the origin of the “sink” still unsolved. 
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The Pennsylvanian section shown on the log of well No. 5 of figure 3 
was regular except for a slight and apparently rather uniform thicken- 
ing, so that when the top of the “Mississippi lime” was reached the 
“sink” was about twice as “deep” as that at the surface. The “Mississippi 
lime” and the Skelton shale were of regular average thickness. Below 
the base of the Skelton, at a depth of 2,716 feet, the drill penetrated a 
uniformly light-colored lime or dolomite to a depth of 2,990 feet and 
then entered a green shale, which extended to the bottom of the well, at 
a depth of 3,001 feet. This thick mass of limestone or dolomite is 
believed to be the Younkin formation, though it is nearly twice as thick 
here as it is in other wells in the vicinity, notably in well No. 4 of figure 
3, which is only 7,500 feet distant. 

The Younkin formation in this part of Kansas appears to be a beveled 
remnant lying beneath an unconformity.? It thickens northward and 
thins to a feather edge southward, presumably as a result of planation. 


INTERPRETATION AFTER DRILLING 


In view of the beveling of the Younkin formation in this part of the 
State, its abnormally great thickness in the “sink” seems to indicate that 
a structural depression of about 150 feet (equal to the excess thickness of 
the Younkin formation) existed at the site of the “sink” when that forma- 
tion was beveled in pre-Skelton (Kinderhook-Chattanooga) time. The 
fact that the Skelton shale and the “Mississippi lime” have about their 
normal thicknesses for the region suggests that no movement occurred in 
the interval between the beveling in post-Younkin and that in post- 
Mississippian time. The slight excess thickness of the Pennsylvanian 
beds indicates renewed and rather uniform slight subsidence of the 
“sink” during Pennsylvanian time, amounting to about 75 feet. Finally, 
the present surface structural depression of about 75 feet indicates about 
that much post-Permian subsidence, or at least post-Herington lime sub- 
sidence. 

But how shall we explain the elevated encircling rim seen both in 
the surface rocks and at the base of the “Mississippi lime”? And how 
shall we explain the location of such a structural feature on the end 
of a surface and subsurface anticlinal nose? Also, what type of 
deformation would cause a small circular depression and its repeated 
sinking at intervals from Silurian (Younkin) to post-Permian time? 

The sequence of events to be explained appears to be: (a) a subsidence 
of about 150 feet between the time of the deposition of the Younkin 


2J. S. Barwick: The Salina basin of north-central Kansas. Bull. Amer. Assoc. 
Petrol. Geol., vol. 12, 1928, pp. 177-199. 
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formation and the beveling of that formation at the unconformity at its 
top; (0) a period of quiet while the Skelton shale and the “Mississippi 
lime” were being deposited, and possibly also while the “Mississippi 
lime” was being beveled; (c) a slight subsidence during Pennsylvanian 
time; (d) an elevation of the anticlinal nose on which the “sink” is 
found after Permian (Herington lime) time, accompanied or followed 
by (€) post-Herington sinking. 

Can it be possible that a deep-seated reservoir of magma underlies the 
“sink” and that its enlargement caused a doming and the formation of 
the anticlinal nose, and that later partial withdrawal of the magma 
caused collapse? If so, it would appear that the process must have been 
repeated at least twice during the geologic time recorded by the forma- 
tions penetrated by the drill. 

Whatever the cause may have been, it has produced at least one other 
similar feature in the neighborhood (figure 2), which has not been 
drilled, but whose surface form and structural features are almost 
identical with those of the “sink” here described and whose history is 
presumably the same. 


q 

4 

| 

— 

t 
) 

j 

) 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 41. PP. 321-327, PL. 4. 3 FiGs. ' JUNE 30, 1930 
PROCEEDINGS OF THE PALEONTOLOGICAL SOCIETY 
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CONTENTS 

Page 

INTRODUCTION 


The amphibian footprints here described were found by members of 
the geological faculties of Harvard and Brown universities and are 
preserved in the paleontological collections of those institutions. The 
Narragansett Basin (figure 1) in which the tracks were discovered, 
occupies much of the northern and central parts of Rhode Island and 
extends northward and northeastward into Massachusetts. Most of the 
sedimentary rccks of the basin are fresh-water, Carboniferous deposits. 
They are conspicuously conglomeratic and include much interbedded 
arkose, sandstone, black shale, and graphitic coal. Although much dis- 
torted, the beds contain recognizable fossils. Small amounts of Cam- 
brian sediment underlying the Carboniferous rocks constitute the only 
other sedimentary deposits older than the Pleistocene that have been 
recognized in the basin. The fossiliferous Carboniferous rocks are of 
Pennsylvanian age, and may be Alleghenian. 

The following geologic column, after Woodworth,’ shows the Car- 
boniferous formations in the northern part of the basin. 


1 Manuscript received by the Secretary of the Geological Society July 10, 1930, 
2 N.S. Shaler, J. B. Woodworth, and A. F. Foerste: Geology of the Narragansett basin, 
U. S. Geol. Surv. Mon, No. 33, 1899. 
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DISTRIBUTION AND TYPES 
OCCURRENCE 


J. B. Woodworth, of Harvard, first described amphibian footprints 
from the Narragansett Basin.* His specimens were obtained at Plain- 
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Ficurr 1.—Sketch Map of the north End of the Narragansett Basin 
Carboniferous area shaded. Localities from which footprints were collected are 
underlined. 


ville, Massachusetts, in 1899. Since then relatively little has been done 
on the footprints. The senior author was privileged to study Wood- 


8J. B. Woodworth: Vertebrate footprints on Carboniferous shales, Bull. Geol. Soc. 
Am., vol. 11, 1900, pp. 449-460. 
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Carboniferous Rocks in the Northern Part of the Nurragansett Basin 


GROUP CHARACTER 
Dighton Coarse quartzite and granite pebble conglomerate, finer 
(1,000-1,500 ft.) conglomerates, and sandstone. 


Rhode Island Coal | Alternations of fine and medium quartz, quartzite, and 
Measures. granite pebble conglomerate, with pebbly sandstone, 
(10,000 feet) graywacke, shale, and coal beds, becoming metamor- 
phosed southward. 
Colors: black, blue, green, gray, locally red. 
Fossils: Odontopteris flora and insect beds, and the chief 
amphibian footprint horizons.* 


Wamsutta Beds of quartz, quartzite, felsite, felsite breccia, and felsite 
(1,000 feet) conglomerate, sandstone, arkose, and shale. 
Colors: Red, brown, and green. 
Fossils: Carboniferous plants and an amphibian footprint 
horizon near the top.* 


Pondville Quartz conglomerate; coarse, white, granitic waste or 
(1,000 feet) arkose. 
Unconformity Widespread erosion interval. 


worth’s type specimens in the Museum of Comparative Zoology, Harvard. 
The material studied consists of one specimen each of Batrachichnus 
plainvillensis, Woodworth, and Dromopus (?) woodworth, Lull. The 
only other footprints from the Narragansett Basin now preserved at Har- 
vard are some indeterminable toe marks and additional footprints of 
Batrachichnus collected by Prof. P. E. Raymond at Plainville. The re- 
mainder of the material here considered is in the paleontological collec- 
tion at Brown University. The largest specimen at Brown, Megapezia 
longipes, sp. nov., was collected at Plainville by Prof. C. W. Brown. In 
the same collection there is also one indistinct trail and some poor toe 
marks collected at the same place. Some years ago the senior author 
procured a few toe marks and one footprint of Batrachichnus plain- 
villensis at Perrins, Massachusetts, and recently found a good print and 
some toe marks of a new species from East Providence, Rhode Island, 
this being the first amphibian footprint recorded from that State. 

The junior author contributes a unique specimen. All the footprints 
so far mentioned were found in the Rhode Island Coal Measures, but 
this one was found near the top of the Wamsutta red beds, west of 
South Attleboro, Massachusetts. It is the smallest of the footprints, 
possibly the smallest amphibian track found in North America, and it 


*Italicised statements are the authors’. 
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has been assigned to a new genus. <A complete list of species, localities, 
and horizons follows. 


HORIZON LOCALITY SPECIES 
R. I. Coal | Plainville, Mass. Batrachichnus plainvillensis, Woodworth. 
Measures Dromopus (?) woodworth, Lull. 
Megapezia longipes, sp. nov. 
Nanopus sp. 
Perrins, Mass. B. plainvillensis, Woodworth. 
E. Providence, R. I. Sauropus (?) brunensis, sp. nov. 
Wamsutta | S. Attleboro, Mass. Parvipes minutus, sp. nov. 


DESCRIPTION OF SPECIES 
Megapezia longipes, sp. nov. 
Plate 4, figure 1 


Type specimen.—Number 10B2, Brown University paleontological 
collection. Charles W. Brown, collector. 

Type locality.—Plainville, Massachusetts. 

Type horizon.—Fairly high in the Rhode Island Coal Measures. 

Preservation.—The specimen is preserved in very dark gray, almost 
black, finely arenaceous, thin-bedded shale, slightly distorted by lateral 
compression. The shale bears a few indistinct impressions of rain drops. 

Characters.—A clear and distinctly outline impression of the left hind 
foot is preserved. The manus is lacking. Length 43 mm. First and 
second digits represented by a mere stump 5 mm. long and thickset, 
being the base from which both arise.* Third toe, 13 mm. long, heavier 
than the fourth, which is 20 mm. long, slender, and curved slightly 
inward; fifth about 13 mm. long. Toes not divergent (except first two), 
but extend forward and show no traces of “claws.” Sole about 23 mm. 
long by 12 to 14 mm. wide; marked by parallel, transverse wrinkles. 
Heel heavy, square, and long. Toes not clearly distinct from sole. No 
evidence of median mark between feet. The specimen differs from M. 
pineot, Matthew in being more slender. 


Genus Parvipes; gen. nov. 


Distinguished by small size, four toes, circular heel. 


4F. G. Matthew: New genera of batrachichian footprints from the Carboniferous sys- 
tem in eastern Canada. Can. Rec. Sci., IX, 2, July, 1903; issued Dec., 1903. Note par- 
ticularly figure 2b. 
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DESCRIPTION OF SPECIES 


Parvipes minutus, sp. nov. 


Plate 4, figure 2 


Type specimen.—Number 10B38, Brown University paleontological 
collection. Arthur B. Cleaves, collector. 

Type locality—South Attleboro, Massachusetts. 

Type horizon.—Upper (?) part of Wamsutta red beds. 

Preservation.—The impressions occur in red shale bearing mud- 
cracks and prints of rain drops. This bed of shale is associated with 
massive red sandstone of varying coarseness and with injections of red 
rhyolite parallel to the bedding. The junior author found Carboniferous 
plants at this horizon. 

Characters.—Several, scattered, four-toed tracks were found. Their 
small size makes determination difficult. The toes are deeply impressed, 
oblong pits, which diverge very little and show no evidence of joints or 
“claws.” Length of footprints, 3 to 4 mm.; width 3.5 mm. First (?) 
toe slightly developed; second longest, nearly 2 mm.; third and fourth, 
somewhat shorter. Toes distinct from heel, which is usually weakly 
impressed, but two tracks show a small, nearly circular pit behind the 
third digit. The impressions do not form definite trails, and it is un- 
certain whether they are fore feet or hind feet, nor can they be defi- 
nitely paired to determine which is the first toe. There is no evidence 
that the animals left any markings other than foot tracks. 


Sauropus (?) brunensis sp. nov. 
Plate 4, figure 3 


Type specimen.—Number 10B37, Brown University paleontological 
collection. Bradford Willard, collector. 

Type locality—McCormick’s stone quarry, East Providence, Rhode 
Island. 

Type horizon.—Fairly high in the Rhode Island Coal Measures; per- 
haps at nearly same horizon as the footprints discovered at Perrins, 
Massachusetts. 

Preservation.—The fossil was found in a loose block that was broken 
out in quarrying. The imprints are on brown shale overlying gray, 
arkosic sandstone. Pieces of shale of different sizes were collected, but 
only one fragment carries complete footprints, although all bear toe marks. 
The rock quarried shows abundant plant remains. 

Characters.—This three-toed track is 22 mm. long The outer toes 
diverge at an angle of 75°. Inner digit blunt, about 7 mm. long. 
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Middle toe strong, 11 mm. long. Outer digit 10 mm. long, thickset. 
Sole imprint about 12 mm. long by 10 mm. wide, triangular; heel 
pointed. Individual digits all rather wide, averaging 4 mm., evidently 
jointed; possibly pads under distal parts; no “claws.” Joint formula 
appears to be 2, 3, 3. Two tracks preserved side by side indicate that 
animal toed in considerably, but no markings between them. ‘Toes dis- 
tinct from sole. A new genus might be erected for this specimen, but 
the lack of knowledge of the fore feet, and the resemblance of the 
specimen to the representatives of the genus to which it is tentatively 
assigned preclude this step. 
AGE AND PRESERVATION 


The tracks are of Pennsylvanian age, for they occur either just below 
or in the Rhode Island Coal Measures, and they are associated with 
abundant, determinable plant fossils. The preservation varies from 
mere scratches and toe prints to entire but isolated footprints and 
trails of two rows of footprints, with or without a groove between the 
rows, evidently produced by a dragging tail or some part of the ventral 
surface. Toe prints and scratches are commonest and are least satisfac- 
tory. Some of the so-called toe prints may be impressions of rain 
drops, but others occur in unmistakable groups of three or four or as 
little, parallel scratches. The scratches were probably produced by 
individuals swimming in water so shallow that the toes just touched or 
scraped bottom. The impressions of the toes suggest an animal walk- 
ing on fairly firm ground and making no heel marks. Complete foot- 
prints scattered sparingly among the toe marks may show where an 
animal trod on a soft spot or left a print in the shore mud in going to or 
from the water. The trails show imprints of front and hind feet. No 
other remains of these animals have been found, but other fossils are com- 
mon. Abundant plant remains have been noted at several horizons, and a 
few insect wings and a single “spider” have been found in the coal meas- 
ures. Some pelecypods, gastropods, and worm trails have also been found. 
All of these fossils were listed by Packard.* Mud cracks, imprints of 
rain drops, and, more rarely, ripple marks constitute the known pseudo- 
fossils usually found. 


CONCLUSIONS 


It is difficult to show more than a general relation between the 
amphibian footprints found in the Narragansett Basin and contem- 


5A. S. Packard: View of the Carboniferous fauna of the Narragansett Basin. Am. 
Acad. Arts, Pr. 35, pp. 399-405, IL, 1900. 
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poraneous footprints found at other places in North America. The 
difficulty is due to lack of photographic reproductions of type specimens, 
incomplete knowledge of many of the tracks, and an inadequate classi- 
fication. However, the footprints found in the Narragansett Basin 
show greater similarity to those of Nova Scotia than those found in the 
Appalachian coal fields of the United States. Two or perhaps three 
genera are found both in Nova Scotia and in the Narragansett Basin, 
but none of the species appear to be the same. On the other hand, no 
genus seems to be common to the Carboniferous beds of the Nurragansett 
Basin and the Carboniferous beds to the west and southwest, in the 
eastern United States. Such relations may be of interest to a student 
of the geography of Pennsylvanian time in eastern North America. 


EXPLANATION OF PLATE 


PLAate 4.—-Amphibian Footprints from the Pennsylvanian of the Narragansett 
Basin 


FicurE 1.—Megapezia longipes, Willard, Rhode Island Coal Measures at 
Plainville, Massachusetts. Impression of left hind foot and 
sole showing wrinkled nature of latter. 

Figure 2.—Parvipes minutus, Cleaves, Wamsutta group at South Attleboro, 
Massachusetts. Several footprints are shown together with 
toe prints and scratches over a portion of a slab of red shale. 

Figure 3.—Sauropus (7) brunensis, Willard, Rhode Island Coal Measures at 
East Providence, Rhode Island. Pair of footprints shown, left 
good, right incomplete. Shows joints of toes and possibly ter- 
minal pads and sharp heel. 
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INTRODUCTION 


The origin of certain white or gray clays or silts found on the flat 
upland surface of the Illinoian drift in southern Ohio and also on 
residual soils in a similar position outside the glaciated area has been 
in dispute for the last fifty years. It is the purpose of the present paper 
to show that these white clays are due to the weathering on upland flats 
of the upper two feet or so of the mantle rock, whether that mantle 
rock is till or residual soil derived from either limestone or sandstone. 

There has been no attempt in the present paper to go into the details 
of the chemical changes involved in the production of the white surface 
clays or soils. Recent soil studies have shown “that soils pass through 


1 Published with the permission of the State Geologist of Ohio. 
Manuscript received by the Secretary of the Geological Society January 29 *%70. 
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cycles of development, . . . that there are young, mature and old 
soils.” * Lyon and Buckman * state that 


“When soils are young, that is whem weathering has not progressed very far, 
the original lithological nature of the soil materials and the conditions of 
position apparently determine the character of the soil. However, as time 
passes, climatic agencies reduce this ascendency, especially where the topog- 
raphy is not too rolling, where erosion is slight, and where internal drainage 
is well developed. Geological differences thus tend to diminish and may be- 
come almost negligible.” 


This condition seems to be nearly if not quite reached in southern 
Ohio outside the Wisconsin drift, in both glaciated and non-glaciated 


territory. 
The detailed study of the chemical changes of the Illinoian drift has 
been taken up, among others, by Kay and Pearce* and Leighton and 


MacClintock.*® 
HisToricaL SURVEY 
Orton ® subdivided the surface deposits of Clermont County as follows: 


4. Surface clays—generally white, sometimes blackened by swampy condi- 
tions, entirely free from gravel, from 1 to 8 feet in thickness. 

3. Yellow clays—abounding with gravel, with occasional boulders, often con- 
stituting the surface instead of No. 4. Thickness seldom exceeds 10 feet. 

2. (a) Forest soil—or stratum of carbonaceous clay. . . . (b) Bog iron 


ore bed . . . Both divisions are sometimes absent. 
1. Blue boulder clay, or hard pan. 


In describing the surface features of the yellow (Illinoian) glacial 
clays Orton writes :7 


The surfaces of the level tracts that they occupy are almost always made 
up of 1 to 2 feet of whitish, fine-grained clay, free from gravel. This super- 
ficial covering is certainly in large part due to the agencies of plants and ani- 
mals. Plants are constantly bringing up finely divided mineral matter from 
the subsoil and leaving it upon the surface. A ripened leaf sometimes con- 
tains as much as a tenth part of its weight as mineral matter or ashes. But 
many tribes of animals are far more efficient than plants in the transfer of 


2L. A. Wolfanger: The major soil divisions of the United States. New York, 1930, 


p. 11, 

37. L. Lyon and H. O. Buckman: The nature and properties of soils. New York, 
1929, p. 142. 

#G. F. Kay and J. N. Pearce: The origin of gumbotil. Journal of Geology, vol. 28, 
1920, pp. 89-125. 

5M. M. Leighton and Paul MacClintock: Weathered zones of the drift sheets of Illi- 
nois. Journal of Geology, vol. 38, 1930, pp. 28-53. 

6 Edward Orton: Geology of Clermont County. Rept. Geol. Surv. Ohio, vol. 1, pt. 1, 
1873, Geology, p. 440. 

7Ibid., p. 445. 
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these materials. Earthworms, ants, crawfish, and various sorts of beetles are 
constantly bringing fine particles of earth to the surface. The aggregate of 
such agencies as we see around us now cannot be insignificant. These agen- 
cies would scarcely need to be continued a thousand years to account for the 
surface covering of the yellow clays. 


Orton thus gives an excellent account of the origin of the white clays 
that lie on top of the yellow Illinoian drift, proposing the most correct 
theory of their origin to be found in the literature, a theory that is 
perhaps incomplete only by reason of the omission of certain elements 
of soil formation. 


A second account by Orton® of his surface clays No. 4 is not so clear. 
After saying that they are identical in character with the surface clays 
described as overlying No. 3, except that they were not derived from the 
gravelly clays that underlie them, he writes of this highest element of the 
series : 

It is found only in low-lying tracts to which the ochre beds belong. Its 
thickness is generally more than 5 feet and less than 10 feet. It is homoge- 
neous in character, except that its color changes, as we descend, to yellowish, 
with streaks of blue clay. The subsoil when exposed, however, soon becomes 
as white as the surface. 


Regarding the origin of these clays he adds: 


The origin of these last named elements of the drift section of the county 
will not be here discussed. It is obvious, however, that the white clays ... 
must have been deposited from water. Their fineness of grain and homoge- 
neous constitution cannot be otherwise explained than as a result of the 
materials that compose them having settled in comparatively quiet waters. 


Orton’s reason for considering these clays water-laid is not clear, for 
he says that they are identical in character with the surface foot or two 
of the yellow clays (Illinoian drift). If they lie on top of beds of 
ochre or bog iron ore they may be material washed from the higher to the 
lower parts of the Illinoian till, and this suggestion would explain their 
greater thickness and their position above the beds of bog iron ore and 
of forest soil, which rest on the underlying till. 

The most detailed accounts of the white clays and the view of their 
origin which has generally prevailed we owe to Leverett,® who describes 
them as occurring on the flat surface of the Illinoian drift, as limited 
on the north by the Wisconsin moraine, but as found far to the east of 
the drift area. They grade down into sand or fine gravel, may show 


8 Ibid. 
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indistinct lamination, and are essentially noncalcareous, a quality that 
he attributes to leaching. Leverett® continues :?° 


A feature of much importance in connection with these white clays is a 
black soil with leached and highly oxidized subsoil which immediately under- 
lies them. The structure of this soil corresponds with that of the underlying 
drift sheet and as a rule it appears to be inseparable from it, though the 
weathering and the addition of humus has given it an aspect somewhat dif- 
ferent from the unweathered portion of the drift. It is of very common oc- 
eurrence and indicates the lapse of a considerable interval between the re- 
treat of the ice-sheet and the deposition of the clays. Its presence effectually~ 
disproves the current theory that the white clay was derived, through organic 
agencies, from the underlying sheet of glacial drift. 


This reported buried soil layer is considered on page 334. 

In discussing their origin Leverett rejects, as is shown in the preceding 
quotation, Orton’s theory of the action of organisms on the upper part 
of the till; also, for lack of evidence, the theory of deposition from water 
during a general subsidence of the region. The theory of deposition 
from dammed-up drainage behind a Cincinnati ice dam proposed by 
Wright is thrown out because the same white clays are found in a similar 
position in southern Indiana down-valley from the supposed barrier. 
Leverett favors the explanation adopted by Chamberlin and Salisbury’? 
for certain silts of the upper Mississipp: valley. He writes :’? 


A detailed study of the upper Mississippi region, particularly of that part 
which borders the driftless area, was made several years ago by Chamberlin 
and Salisbury, and led them to the conclusion that the distribution of the loess 
and associated silts and clays is best explained on a hypothesis of fluvio- 
lacustrine deposition. Evidence was found that the altitude of the region was 
much below the present perhaps not far above sea level, but instead of its 
being occupied by an inland sea, it is their conception that the valleys became 
silted up so that at the maximum of depression they were occupied by shallow, 
perhaps marshy, lake-like rivers many miles in width, whose waters moved 
slowly seaward from the edge of the melting ice-sheet. The constitution of 
these silts shows a direct derivation from glacial waters. The presence of 
shells of land mollusea in the silts, indicates that the region was subject to 
occasional or periodic overflow rather than to perpetual and deep submergence. 


®* Frank Leverett: On the significance of the white clays of the Ohio region. Am. 
Geologist, vol. 10, 1892, pp. 18-24. The Illinois glacial lobe. U. S. Geol. Survey Mon. 
38, 1899, pp. 153-184. Glacial formations and drainage features of the Erie and Ohio 
basins. U.S. Geol. Survey Mon. 41, 1902, pp. 295 et seq. 

10 Tbid., p. 21. 

17. C. Chamberlin and R. D. Salisbury: The Driftless Area of the Upper Mississippi 
Valley. U.S. Geol. Survey Sixth Am. Rept., pp. 211-216, 278-307. 

12 Am. Geologist, vol. 10, 1892, p. 22. 
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Fenneman,"* after describing certain deposits in the Cincinnati region 
which he considers loess, takes up the— 


sheet of loam or silt, which has some features in common with the loess. It 
is finer in grain and of more clayey appearance, and is generally less than 10 
feet thick, frequently only two or three feet, and entirely absent from many 
steep slopes. It resembles the loess in covering hill and valley alike, regard- 
less of altitude. Like the true loess also, it is apparently independent of the 
material which it covers. Not only does it seem improbable that it should be 
formed by the weathering of the material beneath, but there is much evi- 
dence that the drift sheet was old and deeply weathered before this surface 
covering was added. Moreover, it extends beyond the limits of the drift into 
the driftless regions of the south. 

This sheet, often called the “white clay,” extends east over the area here 
described, probably as far as Parkersburg, W. Va. It is limited on the north 
by the edge of the newer drift. 

So far as can be detected, this surficial sheet of silt is continuous with the 
true loess. .. . 

Generally this surface silt weathers into a rather mealy soil of light color. 
It is especially light in color on flat uplands, which are poorly drained. From 
such areas, which are abundant in parts of Illinois, southern Indiana, and 
even southern Ohio east of this area, the formation has taken its popular 
name “white clay.” 


Fenneman substantially accepts Leverett’s theory of the origin of this 
silt but attributes more potency to the action of wind. He writes: 


If this surface sheet of silt is a direct continuation of the loess and grades 
into it, then it was presumably deposited by the wind, as was the loess. Its 
finer grain and texture are accounted for by the fact that wind, like water, 
when depositing its load, drops the larger pieces near to the place where the 
load was picked up. This would leave only the finest dust to be deposited at 
a great distance from the main streams, whose flood plains furnished the 
material for the loess. The same principle would account for the relative 
thinness of the deposit. 


In its surveys of Hamilton** and Clermont’® counties the U. S. 
Bureau of Soils maps these white clays on the Illinoian drift as Ross- 
moyne and Clermont silt loams but does not consider their origin, 
merely stating, in the report on Hamilton County, that— 

The smooth, silty material of the uplands, which is of doubtful origin, occurs 


in large bodies through the eastern and central sections of the county and 
caps all the higher ridges through the western part, where the topography is 


13N,. M. Fenneman: Geology of Cincinnati and vicinity. Geol. Survey of Ohio Bull. 
19, 1916, pp. 140-142. ; 

144 Soil survey of Hamilton County. Field operations of the Bureau of Soils, 1915, 
pp. 6-39, with map. 1917. 

1% Soil survey of Clermont County. Field operations of the Bureau of Soils, 1923, 
pp. 715-748, with map. 1928. 
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hilly or quite rough. It gives rise to the soils of the Cincinnati series in the 
best drained areas or where the surface is distinctly rolling; to the Rossmoyne 
series where there is fair to good surface drainage but deficient underdrain- 
age; and to the Clermont series in the flattest, poorly drained areas. 


CHARACTERISTICS OF THE WHITE CLAYS 
GENERAL STATEMENT AS TO DISTRIBUTION OF WHITE CLAYS 


The main characteristics of the white clays are shown in the preced- 
ing historical survey. The writer’s field studies, which were carried on 
in connection with the survey of Adams County for the Geological Sur- 
vey of Ohio, cover Adams County in detail and have been extended in 
less detail westward into Clermont County, eastward to the Scioto River, 
and northward well beyond the Wisconsin moraine. The following 
summary is based upon that field work. 


GROSS APPEARANCE 


The white clay is a light-gray or ash-colored surface layer, more 
porous and friable than the subsoil, of very fine grain, and between 12 
and 18 inches thick. In cuts where the subsoil is the compact Illinoian 
till it projects in some places beyond the white clay. 

Orton’® states that the surface clay is 1 to 8 feet thick and that in 
places it overlies his bed of bog iron ore or its equivalent forest bed. 
Leverett makes similar statements, both as to the thickness of the white 
clays and as to their relation to a layer of black soil. No such conditions 
have been seen by the writer in or near Adams County. In hundreds of 
exposures the white clays are 12 to 18 inches thick and grade down into 
the underlying mantle rock. 

No trace was seen of any parting plane—nothing that might be con- 
sidered a soil layer or a pre-existing surface. In areas of Illinoian till 
the white clays grade down into beds of compact clay that with increase 
of depth becomes the typical boulder clay. The white clays on residual 
mantle rock on the Niagara limestone or Berea sandstone also grade into 
typical residual material. 

The intention here is to say, not that the conditions reported by 
Orton and Leverett do not exist, but to say that if they exist in the 
region considered they are exceptional and afford no explanation of the 
origin of the ordinary white clays of southern Ohio. They should exist, 
for surface wash would probably sweep fine material from the higher to 
the lower parts of an area, where it would accumulate to a thickness of 
several feet on a surface that had been covered with soil or with swamps 


* Toc. cit., p. 440. 
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in which limonite might be forming. The writer is informed by G. W. 
Conrey, of the Ohio Agricultural Experiment Station, who has been 
engaged in the soil mapping of the areas immediately west of “Adams 
County for the U. 8. Bureau of Soils, that he has seen no buried soil 
layer. He suggests that a dark band occurring about three feet below , 
the surface caused by the concentration of manganese and iron by 
downward-moving ground water may have been taken for a soil laver. 
This, too, may be the explanation of Orton’s bog iron ore. 


DISTRIBUTION 


In relation to topography.—tThe white clays are found on upland flats. 
On passing from an upland flat to the side of a valley the white laver thins. 
Its relation to the flat is essential to its best development. 

The white clays are found at many levels, even at the highest level in 
the region. The Illinoian till plain between Cincinnati and Adams 
County is a glacial veneer over the Lexington peneplain and stands 950 
to 1,050 feet above sealevel. The western edge of the Niagara cuesta 
in Adams County reaches in places a height of 1,100 feet, and the flat 
outliers of the Berea escarpment in the eastern part of the county reach 
a height of 1,300 feet, the highest land between Cincinnati and the 
Scioto River. On all three the white clays are typically developed. 

In relation to underlying formations —Given the upland flat, the white 
clays are independent of underlying formations. They are the common 
surface covering of the Illinoian drift. They were found by the writer 
in road cuts from the margin of the Tlinoian drift in Adams County 
westward to Hamilton County, and they are reported to be a character- 
istic feature of the Illinoian drift still farther westward, across Indiana 
and Illinois. Leverett '* states that they are limited on the north by the 
Wisconsin drift. In cuts along the road from Hillsboro eastward to Rains- 
boro, 5 miles within the Wisconsin border as mapped by Leverett, the 
white clays are 12 to 14 inches thick. They can be seen in road cuts in 
the Wisconsin drift north of Hillsboro, toward Washington Court House. 
A layer similar in character though not so thick is found over the flat 
surface of the Wisconsin drift for many miles north of its southern 
border. Indeed, with diminished thickness, it is as constant a feature 
of flat areas of the Wisconsin as of the Illinoian drift. 

Leverett states!® that the white clays are found “wherever flat up- 
lands appear in southeastern Ohio from the glacial boundary eastward to 
Parkersburg, W. Va.” Adams County is an excellent region for illus- 


17U. S. Geol. Survey Mon. 41, p. 295. 
10, S. Geol. Survey Mon. 41, p. 296. 
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trating the relations of the white clays to residual deposits on different 
rock formations because of its succession of gently eastward dipping 
cuestas, which give flats at different geological horizons. In central 
Adams County the white clays on the Niagara cuesta flat grade down- 
ward into clay soils, varying in color from light yellow to deep red, 
derived from the yellow West Union formation (lower half) and gray 
Peebles formation (upper half) of the old Niagara limestone. They 
occur about West Union on the former and about Peebles on the latter. 
They are found again, indistinguishable by the eye from those on the 
Niagara cuesta, on top of the Berea sandstone cuesta flats along the 
east side of the county, on residual mantle rock derived from the under- 
lying Berea. They occur, too, on the Vanceburg and Buena Vista 
(Mississippian) cuesta flats, farther east, toward the Scioto River. 
MINERAL COMPOSITION 


~ General stalement.—The mineral composition of the white clays and 
of their subsoils was studied to see if the clays contained only material 
that could have been derived from the underlying subsoil. No attempt 
was made to get a complete mineral analysis. The material was pul- 
verized and washed, and the water containing the clayey material was 
decanted; only the coarser fragments, which settled in a few minutes 
from suspension, were examined under the microscope. 

Below are given the results of the study of the white clays overlying 
different formations. Rounded limonitie concretions, up to 5 milli- 
meters, but most commonly from one-fourth to 1 millimeter, are abun- 
dant constituents. These are secondary, due to the redeposition of the 
iron materials of the surface deposits, and have no bearing on the origin 
of the clays. 

Over Illinoian tul.—Specimens taken on Peebles-West Union road, 
opposite Young Chapel, 3 miles northeast of West Union: 

A. Friable, light, gray-brown loam first foot down. Micaceous sand- 
stone up to 5 mm., quartz grains and chert up to 2 mm. Most of the 
finer material is quartz in well-rounded to angular grains and chert, but 
there are many grains of garnet, green amphibole, and some grains of 
zircon and plagioclase. 

B. Yellow-brown till 4 feet below the surface. Good sized pieces of 
crystalline rock and quartzitic sandstone were collected. The washed 
material contains small pieces of chert and rounded grains of quartz 
up to 2 mm.; most of the finer grains are quartz; there are some grains 
of chert and a few grains of garnet and green hornblende. 
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Over Wisconsin till—Specimens taken 114 miles southwest of Rains- 
boro, Highland County; 314 miles north of the edge of the Wisconsin 
moraine at Carmel, as mapped by Leverett: 

A. Light gray-brown loam from 6 to 12 inches below the surface. Frag- 
ments of chert up to 8 mm. and grains of quartz up to 4 mm. ; finer mate- 
rial mainly rounded to subangular grains of quartz, small fragments of 
chert, and a few grains of zircon, garnet, green hornblende, and tour- 
maline. 

B. Gray till 5 feet below the surface. Contains many small grains of 
crystalline rock. Washed material almost wholly quartz, with some 
fragments of chert and a few grains of plagioclase, microcline, tourma- 
line, green hornblende, and zircon. 

Over residual soil derived from West Union (Niagaran) limestone.— 
Specimens taken on Peebles-West Union road half a mile northeast of 
West Union, where 12 inches of light-gray surface material rests on 4 
feet of deep-red residual soil, and this in turn on bedrock: 

A, Light-brown loam for the upper 12 inches. Fine, angular grains 
of quartz up to one-half mm.. some of which show secondary crystal en- 
largement. A little chert. 

B. Red-brown residual clay 3 feet below the surface. Almost wholly 
quartz grains up to one-half mm., many showing secondary crystal en- 
largement. A little chert. One grain of biotite. 

C’. Insoluble residue of the brownish-yellow, granular, dolomitic lime- 
stone. Practically all quartz, up to one-fourth mm., many grains show- 
ing secondary crystal enlargement. Occasional mica flakes, rare tour- 
maline and zircon. | 

Over residual soil derived from Peebles (Niagaran) dolomite— 
Specimens taken on Peebles-Bainbridge road, at a small quarry a mile 
north of Sinking Spring, Highland County: 

A. Light gray-brown loam, at surface. Abundant iron-stained frag- 
ments of chert up to one-fourth mm. Quartz up to one-fourth mm. but 
usually less than one-tenth mm. A very little zircon and hornblende. 

B. Residue from leaching of white dolomite. Chert grains. Quartz 
to one-third mm., usually less than one-tenth mm. Rare zircon. 

Over residual soil derived from Berea sandstone.—Specimens taken 
on Fairview Ridge, Pike County, 6 miles south southeast of Bain- 
bridge at an elevation of 1,200 feet, 300 feet above Beech Flats which is 
just northwest, where 18 inches of light-gray surface loam lies on 3 feet 
of clavey subsoil and this, in turn, on Berea sandstone: 
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A. Brownish-gray loam, the upper 6 inches. Quartz grains, a very 
few up to one-half mm., but averaging one-tenth mm. Zircon is com- 
mon. Rare grains of tourmaline, hornblende, plagioclase. 

B. Light-brown clay loam 2 feet down. Abundant quartz to three- 
fourths mm., averaging much less; zircon common; tourmaline and 
hornblende rare. 

C. Berea sandstone bedrock. The powdered rock consists almost 
wholly of minute grains of quartz up to one-tenth mm. Many grains 
show secondary crystal enlargement. Zircon is common. tlornblende is 
rare. 

The microscopic study agrees with the general field evidence in show- 
ing that the surface silts are intimately related to the underlying rock. 
Coarse grains are found in the surface layer only where it lies upon till; 
where it lies on residual soil derived from the Niagaran limestones or 
Berea sandstone, none of which have coarse material, the surface mate- 
rial is correspondingly finer grained. The specific mineral composition, 
too, varies with that of the subsoil. Zircon is common in the silt only 
over the Berea sandstone. In the silts above the limestone quartz and 
chert are common but there is very little of other mineral species. Where 
the silts overlie the till there is a greater variety of accessory minerals 
than elsewhere. Garnet and green hornblende, which are common in the 
silts on the till, are found in the underlying glacial till but are not found 
in the silts on bedrock outside the glaciated area. 


ORIGIN OF THE Waite CLAys 
PROPOSED HYPOTHESES 


The following hypotheses of the origin of the white clays have been 
considered or proposed : 


1. Wind deposition. 
2. Water deposition either by 

1. Fluvial or fluvio-lacustrine action (Leverett). 

2. In waters ponded back by ice dam (Wright). 

3. Under marine waters during a general subsidence. 
3. Weathering of surface deposits 

1. By the agency of organisms (Orton). 

2. By all processes of weathering. 


RELEVANT FACTS 


The facts which make possible a decision between these competing 
hypotheses have been presented in the preceding text. They are here 
summarized to show their bearing on hypotheses of origin. 
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1. Thinness and evenness of the deposit, usually from 12 to 18 inches. 

‘2, Maximum development on poorly drained upland flats, thinning on 
the valley sides. 

5. Found at all heights, even on the flat tops of cuesta uplands and cuesta 
outliers which stand several hundred feet above the surrounding 
region. 

4, Complete lack of stratification. 

5. Gradation downward, in the field. into a subsoi! which is either glacial 
till, residual material derived from either limestone or sandstone, 
or pre-[llinoian water-laid silts. No exposures were seen by the 
writer of any soil layer or forest bed beneath the white clays. 

The mineral composition of the sand residues obtained by washing the 
clays varies from place to place but at any one place includes noth- 
ing that could not have been derived from the subsoil. It does in- 
clude any unusual ingredients found in the subsoil, such as chert 
fragments, detrital quartz grains enlarged to crystals, tourmaline, 
and zircon, which are not easily soluble in ground water. 


~ 


BEARING ON HYPOTHESES OF ORIGIN 


The above facts at once throw out any explanation of the white clays 
which involves the assumption that they were brought to the place where 
they now are by any transporting agent, either wind or water. They 
originated in situ. 

There is no evidence of loess in the region. Where the clays are 
composed of material fine enough to be transported by wind, as over 
residual soils resting on bedrock, the subsoil itself is fine. Over 
Illinoian till coarser grains are common in the clays, this coarser mate- 
rial being the insoluble residue (chert, ete.) derived from the till. The 
occurrence of the clays on the summit flats of the region at once throws 
out the possibility of their deposition by running water. There is no 
independent evidence for a deposit in ponded waters held back by an ice 
dam at Cincinnati ;'® moreover these clays extend westward across south- 
ern Indiana and Illinois, far beyond the site of Wright’s supposed dam. 
For any general subsidence under marine waters there is not a scintilla of 
evidence. 

WEATHERING IN SITU 

The facts that eliminate all theories of origin of the clays by trans- 
portation to their present sites establish their origin in situ by weather- 
ing. Orton, in 1873, attributed their origin in situ to burrowing animals 
“constantly bringing fine particles of earth to the surface,” adding 
“these agencies would scarcely need to be continued a thousand years to 
account for the surface covering of the yellow clays.” If we are not 


2G, EF. Wright: The glacial boundary in western Pennsylvania, Ohio, Kentucky, 
Indiana, and Illinois. U. S. Geol. Survey, Bull. 58, 1890, p. 92. 
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limited to this single agency, but can add the other mechanical agencies 
of weathering and soil formation, frost action, wetting and drying, root 
penetration, etc., and more effective than all these, the leaching action 
of ground water, we shall have, it is thought, a substantially correct 
idea of the agencies which have produced the white clays. 

The development of the white clays over the upland flats of southern 
Ohio is believed to be due to poor drainage, abundant vegetation, and 
the consequent development of carbon dioxide and organic acids. The 
carbonates have been leached from the clays, and where they overlie 
Illinoian or even Wisconsin till they have been leached for several feet 
farther down. The original iron compounds have been leached or left 
in minute limonite concretions, so that the clays are white or light 
colored in contrast with the subsoil, whether the subsoil is the yellow till 
or the dark-red residual soil found on some of the limestones. These 
changes have been going on much longer over the Illinoian till and the 
residual soils beyond the glacial boundary than over the Wisconsin drift, 
but they are operative within the area of the Wisconsin drift. The re- 
sulting difference is that the white surface layer is thinner within than 
without the Wisconsin border. 
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NEW INFORMATION ON HOMALONOTUS TRENTONENSIS? 
BY LAWRENCE WHITCOMB 


(Read before the Paleontological Society December 26, 1929) * 


CONTENTS 

Page 

INTRODUCTION 


While collecting from the lower “Trenton” limestone, called the 
Salona formation by Professor Field* in 1919, at the type locality, 
Salona, Clinton County, central Pennsylvania, in the summer of 1928, 
I obtained a large number of specimens of the trilobite described by 
Simpson‘ forty years ago as Homalonotus trentonensis. Among the 
many dissociated parts were free checks and hypostomes, which had 
never been described, and one complete articulated cranidium, thorax, 


and pygidium. 


1 Manuscript received by the Secretary of the Geological Society December 26, 1929. 

2 An abstract of this paper was published in the Proceedings of the Paleontological 
Society for 1929 (Bull. Geol. Soc. of Am., vol. 41, p. 197, 1980). 

3R. M. Field: The Middle Ordovician of Central and South-Central Pennsylvania. 
Amer. Jour. Sci., vol. 48, Dec., 1919, pp. 403-428. 

4G. B. Simpson: New species of fossils from the Clinton, Lower Helderberg, Che- 
mung and Waverly groups, found in the Collections of the Geological Survey of Penn- 


sylvania. Trans. Amer. Philos. Soc., new ser., vol. 16, 1890, p. 460, fig. 31. 
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Homalonotus trentonensis is of particular interest because it is the 
oldest Homalonotid known in North America. Its stratigraphic and 
geographic range is limited, and it appears to be closely related to one 
of the Ordovician species found in Wales. 

It is the purpose of this paper to review the history of the species, to 
give a fuller and more accurate description of it in the light of this 
more complete information, and to compare it with its Welsh allies. 

History 

Simpson’s paper establishing the species //omalonolus trentonensis 
first appeared in separate form, bearing the date 1889, and was included 
in the volume of the Transactions of the American Philosophical 
Society cited. The paper included figures of the cranidia and two 
pygidia here considered, and contained the following statement: “The 
figures represent a few of the many specimens in the State collection, 
found by Mr. C. E. Hall in strata of the Trenton group cropping out 
just above the milldam at Reedsville, in Mifflin County, Pennsylvania.” 

The species is listed in the “Dictionary of Fossils’* of the Second 
Survey of Pennsylvania as follows: “//omalonotus trentonensis, Simp- 


son. New species. For figures and localities, see the Appendix.” This 
appendix was never published. 

Under the authority of an act of the legislature of April 4, 1883, the 
collections of the Second Survey wer placed in the custody of the Acad- 
emy of Natural Sciences of Philadelphia, where they are now preserved. 
In going through these collections, 1 was able to pick out the original 
cotypes, which have now been marked as such. 

The “Museum Catalogue”® shows that the cotypes were not all col- 
lected by Mr. C. E. Hall, as was stated by Simpson, although they were 
all obtained at the same locality. Of the specimens figured by Simpson, 
numbers 1, 2, and + were collected by W. A. Fellows in September, 1875. 
The specimens collected by A. Hale and C. E. Hall in May, 1875, and 
numbers 1, 2, and 4 were colected by Hs Hale and C. E. Hall in May, 
1875, and numbers 3, 5, and 6 were collected by W. A. Fellows in Sep- 
tember, 1875. The specimens collected by Hale and Hall bear the field 
number 201; those collected by Fellows bear the number 204. Many of 
the paper labels that were pasted on the specimens have come off, so that it 
is now impossible to tell exactly what numbers were assigned to the types. 
Three type specimens, however, are known: Number 1 is 201-30, num- 
her 4 is 201-35, and numbers 5 and 6 are 204-5, 


5J. P. Lesley: Dictionary of Fossils, Pennsylvania Second Geol. Survey, 1889, T-4, 
vol. 1, p. 289. 

®°C. E. Hall: Museum Catalogue, Pennsylvania Second Geol. Survey, 1889, 000, vol. 
3. pp. 176, 179. 
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According to the table in Merrill’s “Contributions to a History of 
American State Geological and Natural History Surveys,’ * Fellows 
worked for the Pennsylvania Survey only in 1878 and 1879. His collec- 
tions were probably made privately and acquired by the Survey, or a 
mistake has been made in the record of the date of their collection. 

Plaster casts of numbers 1, 4, and 5 of the cotypes are deposited in the 
New York State Museum at Albany. These casts bear the catalogue 
numbers 4495, 4496, 4497. 

The next reference to the species seems to have been made in 1903, 
when Dr. G. L. Collie * presented, at a meeting of the Geological Society 
of America, a paper on the “Ordovician Section Near Bellefonte, Penn- 
sylvania.” In this paper Dr. Collie used the subgeneric name, Brong- 
niartia, which Salter® had proposed in his revision of the genus Homa- 
lonotus. The species was figured anew, and for the first time part of the 
thorax was shown. The plesiotypes, a cranidium and a pygidium with 
ten thoracic segments attached, were collected from what he considered 
the basal zone of the Trenton at Bellefonte. In this paper, we get the 
first information about the associated fauna and a rough delimitation 
of the stratigraphic range of the species. 5 

Dr. Collie’s plesiotypes are now deposited in the Peabody Museum at 
Yale University under the number 7449. 

In 1919 Professor Field*® stated that he had found this species in 
many sections of the lower “Trenton” limestone in central Pennsylvania. 
He called it Brongniartella trentonensis, following the classification of 
F. R. C. Reed,’ and listed it as one of the characteristic fossils of his 
Salona formation, which he stated appeared to contain also an un- 
described species of Brongniartella. I have studied Professor Field’s 
unpublished illustration and description’? of this species, which he called 
B. collianus, and believe that the specimens on which it was based are 
probably actually referable to B. trentonensis, and that Professor Field 
was misled by apparent differences which were due solely to individual 
variations and to differences in preservation. 


7G. P. Merrill: Bull. U. S. Nat. Mus., No. 109, 1920, p. 445. 

8G. L. Collie: Ordovician section near Bellefonte, Pennsylvania. Bull. Geol. Soc. 
Amer., vol. 14, 1903, pp. 407-420, figs. 1-2. 

®J. W. Salter: A monograph of the British trilobites from the Cambrian, Silurian. 
and Devonian formations. The Paleontographical Society, London, 1865, pp. 104-105. 


10 Op. Cit. 

uF, R. C. Reed: Geol. Mag. new ser., decade 6, vol. 5, 1918, pp. 263-276 and 314- 
327. 

122K. M. Field: Unpublished thesis. Harvard University Library. 
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TAXONOMY 


Since 1825, when Kénig** chose the species knighti as the genotype 
of Homalonotus, there has been a tendency to place an increasingly large 
number of species in that genus. By 1865, these species became so 
numerous and varied that Salter,’* although admitting the validity of 
the genus, divided it into subgenera as follows: Brongniartia Salter, 
1865 (divided into two sections); Trimerus Green, 1832: Moenigia 
Salter, 1865; Dipleura Green, 1832; and Burmeisteria Salter, 1865. 

Since Salter’s time several attempts have been made to revise the 
classification of the Homalonotus group. In 1918, Reed?® published a 
comprehensive paper on the genus. This paper included a classification 
modified after Salter, but instead of Salter’s five or six subgenera, he 
proposed ten. He did not, however, mention H. trentonensis nor did he 
refer it to any of his subgenera. 

Reed shows that Brongniartia of Salter is a homonym, having been 
used by Leach in 1824 for a genus of Coleoptera and by Eaton*® in 
1832 for a genus of trilobites based on a specimen that would now be 
referred to Triarthrus becki. Reed, therefore, raised the two sub- 
divisions of Salter’s Brongniartia to the rank of subgenera, giving them 
the names ELohomalonotus and Brongniartella. In summing up the 
stratigraphic range of his subgenera, Reed showed that the first three, 
Eohomalonotus, Calymenella, and Brongniartella, are restricted to the 
Ordovician (the first being the oldest), and that none of the remaining 
seven subgenera is found below the Silurian. 

Of these three subgenera, Clymenella, unlike the species found in 
Pennsylvania, has a pronounced rostrum. It is represented by the 
species H, (Calymenalla) boisseli, (Bergeron) and H. (C.) bayani, 
(DeTrom. and Lebesc) and is restricted to France. 

This leaves only two known subgenera, Fohomalonotus and Brong- 
niartella, in which Simpson’s species can be placed. The characteristics 
distinguishing these subgenera are the relative width and definition of 
the axial lobe of the thorax and the number of segments in the pygidium. 
The determination of the relative width of the axial lobe is made diffi- 
cult by the fact that the pleural segments are deflected downward, so 
that the spatulate ends are approximately parallel. 

As the axial lobe of its thorax is indistinct and is wider than the 
pleural lobes, and as its pygidium has ten axial segments, the species 77. 


13 Kénig: Icones Sectiles, 1825, pl. vii, fig. 85. 

Op. cit. 

Op. cit. 

2% Amos Eaton: Am. Jour. Sci., ser. 1, vol. 22, 1832, p. 165. 
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trentonensis can not be placed in the subgenus Lohomalonotus, but ap- 
pears to be referable to Brongniartella, to whose genotype H. bisulcatus, 
Salter, it seems to be closely related. 


DESCRIPTION 
CRANIDIUM 


Homalonotus (Brongniartella) trentonensis (Simpson) 


Homalonotus trentonensis, Simpson, Trans. Am. Philos. Soc., vol. 16, 1890, 


new series, p. 460, fig. 31. 
Brongniartia trentonensis, Collie, Bull. Geol. Soc. America, vol. 14, 1903, 


p. 418, pl. 59, figs. 1-2. 


Subtrapezoidal, twice as wide as long, highly arched. Test finely 
punctate. Facial sutures starting at lateral extremities of the anterior 
margin, running posteriorly in a straight line, with slight deflection 
from the axis for one-half the length of the cranidium until they meet 
the eyes, then turning outward nearly at right angles to the axis and 
continuing in that direction almost to the margin, where they swing 
abruptly to the rear and cut the margin at or slightly in front of the 
genal angle. Anterior margin gently convex; anterior border broad, 
concave; posterior margin straight. Occipital groove faint (but very 
distinct in specimens which have peeled) and having a slight forward 
flexure at the center. Glabella urceolate; defined laterally by dorsal 
furrows; narrowest at a point one-third of the distance from the ante- 
rior end, where it blends into the anterior border of the cranidium. 
Traces of one to three glabella furrows and median keel seen in some 
specimens, particularly those which have peeled. 

FREE CHEEK 

Triangular with the lateral margin straight, the border concave, and 
the posterior corner developed into a curved process, which carries the 
free cheek back to or near the genal angle. Eyes elevated on a conical 
bulge of the free cheek. 

HYPOSTOME 

As looked at from its convex (under) side subquadrate, wider than 
long in the ratio of.7 to 6. Anterior margin straight, the lateral ex- 
tremities curving posteriorly to the point of greatest width, which is 
two-ninths of the distance to the posterior end. Anterior brim with 
front edge turned up, slightly depressed in the center, and lateral por- 
tions deflected downward. Lateral margins sigmoidal, slightly raised 
at center, tapering gently to the rear. Posterior margin distinctly con- 
cave, with the distance between the points about three-tenths the great- 


{ 
a 
| 
| 
| 
| 
| 
= 
| 
| 


546 LAWRENCE WHITCOMB—HOMALONOTUS TRENTONENSIS 


est width. Center distinctly bulbose, tapering to the rear, with a con- 
centric ridge between it and the forked posterior margin. 
THORAX 


Made up of 13 segments, highly arched,. with the spatulate ends of 
the pleural segments nearly parallel, so that the cross section is approxi- 
mately one-half as high as wide. The axial lobe is only slightly wider 
than the true width of the pleural lobes, although in the dorsal view it 
appears to be three times as wide as the pleural lobes, because of the 
ventral deflection of the pleura. Axial lobe of the thorax wider at the 
front than the base of the glabella, necessitating a lateral flaring of the 
dorsal furrows on the neck ring of the cephalon. Thorax tapering 
slightly in the last few segments. Test finely punctate. 


PYGIDIUM 


Rounded, wider than long, with 8 pleural and 10 axial segments. Pos- 
terior margin flattened and not segmented. Axial lobe tapering, and 
running back for about seven-eighths of the length of the pygidium. 
Segmentation faint on unpeeled specimens but very distinct on those 
from which the surface has been removed. The two anterior sulci, 
setting off the segments of the pleural lobes, are distinctly deeper than 
any of the succeeding ones. Highly arched. Test finely punctate. An- 
terior pleural segments tapering and modified to allow the thoracic 
segments to fit over them when the animal is curled up. That the 
animal had the power of enrollment is shown by figure 4 of plate 6 in 
which a part of the thorax and pygidium are shown partly enrolled. 
The method by which the spatulate ends of the pleural segments over- 
lap to the rear is also shown there. 


SIZE 


My nearly complete specimen, which shows the effects of slight longi- 
tudinal shortening, is 6.1 centimeters long; therefore, in view of the 
ratio of the length of the pygidia and cranidia to the length of the whole 
specimen, some of the larger individuals should have been over 11 centi- 
meters long. 

LocoMoTION 


According to Professor Raymond"? the wide axial lobe of some species 
of Homalonotus would indicate that they “had very long, strong coxo- 
podites” which they “probably used in locomotion, and also very well- 


17P. E. Raymond: The appendages, anatomy, and relations of trilobites. Mem. 
Connecticut Acad. of Arts and Sci., vol. 7, 1920, p. 100. 
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developed longitudinal muscles, to be used in swimming.” The broad, 
rounded pygidium was, according to the same author, not well adapted 
to burrowing, but was of assistance in swimming. 

The information that is now available on the cross section of the 
cephalon, thorax, and pygidium, of the species H. trentonensis, all indi- 
cates that this animal had a well arched test and probably crawled on 
the ends of its endopodites. 


GrOGRAPHIC DISTRIBUTION 


The “Trenton” limestone of central Pennsylvania is exposed in a 
number of anticlinal valleys, which trend in general from northeast to 
southwest. According to Professor Field** these valleys make up a 
rather compact and isolated area of the Ordovician terranes of eastern 
North America. This area extends from Kishacoquillas Valley, on the 
southeast, to Nittany Valley (with its extensions along the strike from 
Lycoming County to Bedford County) on the northwest. This area 
measures about 120 miles along the strike and 23 miles across the strike. 

H. trentonensis was first collected at Reedsville, which is on the 
southeasern flank of the anticline of Kishacoquillas Valley, about mid- 
way between its ends. It has since been found in all the valleys where 
the “Trenton” is exposed, from Salona, at the northeast end of Nittany 
Valley, to Loysburg, 80 miles to the southwest; and from Bellefonte, on 
the northwest, to Reedsville on the southeast. It has therefore been 
found throughout the whole width and nearly the whole length of this 
“Trenton” district. 

Although a very common and characteristic fossil of the lower beds 
of the “Trenton” throughout this area, H. trentonensis has never been 
reported from any locality outside of these valleys of central Pennsyl- 
vania. It is apparently an isolated species, and its nearest known contem- 
poraries lived in Wales, where the remains of several species of Ordovician 
Homalonotids have been found. 


STRATIGRAPHIC RANGE 


In his original description of the species, Simpson’® said that the 
fossils were collected from “strata of the Trenton group.” Dr. Collie *° 
in his paper already cited, says: “Horizon A-8 may be regarded as the 
basal zone of the Trenton. It is marked by the abundant remains of 
a homalonotoid trilobite, Brongniartia trentonensis (Simpson). Other 


18 Op. cit., p. 405. 
19 Loc. cit. 
20 Op. cit., p. 415. 
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fossils occurring in this zone are “T'rinucleus concentricus, Isotelus 
platycephalus, Cytoceras camurum Hall, Protowarthia tenuissima sp. 
noy., Rafinesquina alternata (Emmons), Dalmanella testudinaria (Dal- 
man), Orthis tricenaria Conrad.” 

In the section of the “Trenton” at Salona, H. trentonensis persists 
through a zone 33 feet thick, whose base is 70 feet above the bed that 
has been regarded as the base of the “Trenton” in that region. Through- 
out these 33 feet it is the most abundant fossil, and it is accompanied 
by Cryptolithus tessalatus. 

Graptolites, identified by Dr. Ruedemann as Diplograptus ampleat- 
caulis, occur 40 feet beneath the lowest bed in which //. trentonensis has 
been found. 

The lowest beds yielding specimens of Parastrophia hemiplicata are 
81 feet above the highest beds yielding specimens of H. trentonensis, 
or 184 feet above the base of the section. As Parastrophia hemiplicata 
occurs at the base of the type section of the Trenton at Trenton Falls, 
New York, and at the base at Montmorency Falls, Quebec, as deter- 
mined by Professor Field**, it is significant that we find no specimens 
of H. trentonensis at those localities. 


CORRELATION 


When HH. trentonensis was compared with the several species of 
Homalonotus found in Wales it was seen to be most closely related to 
HT. bisulcatus. The one distinct difference between the two species is the 
variation in the number of annulations in the axial lobe of the pygidium. 
In //. bisulcatus there are 11 or 12 of these acculations, but in //. tren- 
tonensis there are only 10. In the description of trentonensis given by 
Dr. Collie the number of annulations was said to be 11. I have exam- 
ined Dr. Collie’s type pygidium and am unable to find more than 10 
annulations. All of the many pygidia in my collections have 10 
annulations. 

With the exception of the difference mentioned above, Salter’s de- 
scription of I. bisulcatus would be perfectly satisfactory for H/. tren- 
tonensis. Any slight variations that may be noted are no greater than 
variations shown by individuals collected from the same locality and 
horizon in Pennsylvania. The greatest cause for apparent variation is 
the difference in the lithology. The British specimens are preserved in 
sandstone or other clastic rock ; the Pennsylvania specimens are preserved 
in a dense limestone. In consequence of this difference in lithology. the 


21R. M. Field: Personal communication, 1929. 
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surface markings and the test itself are often well preserved in H. tren- 
tonensis, whereas most of the British specimens available for use in the 
study made for this paper were natural casts and none of them preserve 
the fine details of the test. The specific name bisulcatus was given be- 
cause the two anterior sulci of the pygidium are disproportionally deep, 
the rest being very shallow. This peculiar characteristic holds just as 
well for H. trentonensis as for H. bisulcatus and is thus of value in 
determining the relations of the species. 

Dr. E. O. Ulrich and others have stated that we should expect to find 
a difference in one or more parts of the anatomy of organisms whose 
paths of migration led them to inhabit areas so widely separated as 
Wales and Pennsylvania, and this variation is therefore not surprising. 
It consequently seems best to consider H. trentonensis a distinct species, 
whose closest known relative was H. hisulcatus. 

According to Mr. B. B. Bancroft,.?? of Gloucestershire, England, the 
type specimens of //. bisulcatus were collected from the Longville flags. 
From unpublished information, kindly supplied to Professor Field by Mr. 
Bancroft, it appears that in East Shropshire, the species I7. bisulcatus is 
limited in its stratigraphic range to the Upper Longville and Marsh- 
brook beds of the Caradoc. 

The species H. bisulcatus and H. trentonensis are probably of about 
the same geologic age, and the beds containing //. trentonensis can per- 
haps be correlated with beds of Upper Longvillian or Marshbrookian age 
in England. 
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EXPLANATION OF PLATES* . 


PLate 5.—Homalonotus trentonensis 


FIGURES 1-5.—Cotypes of Simpson. No. 5 whitened. 
FicureEs 6-7.—Plesiotypes. of Collie. 

8.—Well preserved cranidium. 

FicureE 9.—Profile of cranidium in fig. 8. 


PLATE 6.—Homalonotus trentonensis 


FiGukE 1.—Free cheek taken perpendicular to the gre test surface. 

FIGURE 2.—Specimen complete except for the free cheeks. 

FIGURE 3.—Free cheek, dorsal view. 

Figure 4.—FEnrolled portion of thorax and pygidium. 

FIGURE 5.—Spatulate end of pleural segment of thorax. 

Ficure 6.—Polished section through the thorax shown in fig. 8. showing the 
pleural segments deflected downward, and trace of the ventral 
integument. 

FicurRE 7.—Weathered surface showing the true cross section of the thorax. 

Fietre 8.—Part of thorax, pygidium. cranidium, and mold of another pygi- 

dium. (Light from lower right-hand corner.) 

Hypostome revealed by cutting down through the glabella, por- 

tions of the thorax and cephalon still to be seen. 

Fictre 10.—Hypostome, ventral view. 


FIGUreE 9. 


* All illustrations are natural size. 
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EVIDENCE FOR THE SPREAD OF EAST INDIAN FORMS TO 
EQUATORIAL AMERICA DURING EOCENE TIME? 


BY WILLARD BERRY ” 


(Read before the Paleontological Society December 26, 1929) 


CONTENTS 

INTRODUCTION 


Tertiary sediments are found at many places in the East Indies and 
Equatorial America, but those of Java and of the West Indies have been 
most intensively studied. The studies in Java were made in a search for 
oil; those in the West Indies were made because of the extremely inter- 
esting faunas found there. These sediments which in large part are 
marine, are the ones that are of the greatest interest in a study of the 
spread of East Indian forms to Equatorial America, and especially so 
when there is involved in this study the great thickness of marine sedi- 
ments (25,000 feet or more) which accumulated on the site of the desert 
on the north coast of Peru. 

The East Indian faunas have been worked out in detail by Dutch 
geologists, especially by Martin,? van der Vlerk,* and Umbgrove.® 
Paleontological work has been done in Equatorial America by Woods,° 
Vaughan,’ and Woodring.® 


1 Manuscript received by the Secretary of the Society March 19, 1930. 

2Introduced by Edward W. Berry. 

3K. Martin: Unser palaeozoologische Kenntniss von Java. Ed. Brill. Leiden, 1919. 
Eine — zu den Neogenen Mollusken von Java. Leidsche Geologische Medeelingen, 


4I. M. van der Vlerk: The genus Lepidocyclina in the Far East. Eclogae Helvetiae 
Geol., 1928. A study of Tertiary Foraminifera from the Tidoensche-landen (east 
Borneo). Wetenschapplijke Medeelingen No. 3, 1928, ete. 

3J. H. F. Umbgrove: Tertiary sea connections between Europe and the Indo-Pacific 
area. Fourth Pacific Science Conference, 1929. 

® Henry Woods: In paleontology and geology of northwest Peru, by T. O. Bosworth, 
1921. 

7T. W. Vaughan: Contributions to the geology and paleontology of the West Indies. 
Introduction. Carnegie Publication 291, 1919. 

8’ W. P. Woodring: Miocene mollusks from Bowden, Jamaica. Carnegie Publications 
366 (1925) and 383 (1928). 
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In the present paper an attempt is made to show that certain of the 
forms found fossil in the West Indies spread to that region from the 
East Indies rather than from the European Mediterranean region by 
way of the Atlantic Ocean. This idea is held tentatively only, for much 
more work must be done to establish it securely. The National Research 
Council has made a grant to me to carry on an investigation of the 
fossil Foraminifera of the west coast of South America, and certain of the 
facts stated here were obtained through this grant. 


ANTHOZOA 


Our knowledge of the Tertiary Anthozoa of the Indo-Pacific region 
is very incomplete, but the West Indian Anthozoa are well known. Of 
the recent corals the genus Pocillopora Lamarck is found at the island 
of Loo Choo, in the Hawaiian Islands, and along the west coast of 
America. This form must have crossed the Pacific. 


ARTHROPODA 


Woods® describes several species of Callvanassa Leach obtained from 
Eocene deposits in Peru. This genus ranges from Jurassic to Recent 
time and is found in both hemispheres. One fossil species of Zanthopsis 
McCoy has been found only in Europe and Brazil, and one species of 
Thaumastoplex Miers is not listed from the West Indian region. 

Miss Rathbun *° states that the West Indian fauna of decapod crus- 
taceans has a strong affinity with the present Indo-Pacific fauna, which 
is shown by the genera Ranina, Scylla, Podophthalmus, and Lyreidus. 

Ranina, whose fossil forms range from central Europe to Japan, has 
been found also in Trinidad. Lyreidus is found fossil in the Tertiary of 
Italy, and is represented by more living species in the Indo-Pacific 
region than in the Atlantic region. Scylla is widely distributed in the 
Indo-Pacific region in living species and is found fossil on the coast of 
Asia between the Red Sea and Japan, in the Philippines, and in the West 
Indies. Podophthalmus now inhabits the Indo-Pacific region and is 
represented by several fossil species found in Celebes and Java and in 
the West Indies. 

Of these genera only Scylla is generally a swimming crab that might 
cross a great body of water, but it seems clear that those found fossil in 
the West Indies and on the west coast of South America could have got 
there by way of the Pacific as easily as by way of the Atlantic. Cer- 


* Ibid. 
1°Mary J. Rathbun: Fossil decapod crustacea from the West Indies. Carnegie Pub- 
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tainly a review of the living species shows that they must have crossed 
the Pacific in one direction or the other. 

In considering the Arthropoda the question arises how the marine 
spider Desis galapagoensis “Uirst,* which is closely allied to D. marina 
Hector, from Australia, ever reached the Galapagos Islands if it did not 
cross the Pacific. 

Bauer’? states that 7'rapezia ferruginae Latreille, a recent decapod 
crustacean, is found on New Caledonia, Samoa, Tahiti, and Hawaii, as 
well as in Panama Bay. 7. ferruginae var. maculata (Macleay) is 
found in Ceylon and Hawaii and on the west coast of Mexico. T. 
digitales Latreille is found from the Red Sea to Panama Bay and on the 
west coast of Central America. Quadrella coronala is found in’ the 
Indian Ocean and in Panama Bay. 

These species must have crossed the area now covered by the Pacific 
Ocean and not have gone around its margin, because Trapezia is entirely 
tropical. Bauer 7° says: “We must conclude that the western American 
region received these species from the Indo-Pacific.” 


MOoLLUSCA 


Among the Mollusca the genus Plicatula is now found in the Indian 
Ocean, the’ Pacific Ocean, and the West Indies. The genus Lucina, 
both living and fossil, is confined to the Pacific. The genus Julia is 
now living around the Hawaiian Islands and on the east coast of Mada- 
gascar. The genus Myrtaea lived earlier in America than in Europe. 
The genus Felaniella is now living in Pacific and West Indian waters. 
The genus Tellina (Furytellina) is found in the Bowden of the West 
Indies, in the Zorritos of Peru and on the Pacific Coast of South 
America. 

The nearest relative of Morgania magna Woods, from the Eocene of 
Peru, is found in Cretaceous deposits of West Nagpur, India, and the 
nearest relative of M. costata Woods, from Peru, is M. persica Douvillé 
from the Cretaceous of Persia. Telescopium peruvianum Woods re- 
sembles Cerithium subsemicostatum (d’Archiac and Haine) from the 
Nari beds of Sind, India. Crassatellites charanensis Woods is very close 
to C. kingicoloides Pritchard, from Victoria, Australia. The Peruvian 
fauna contains many forms that are related to those of about the same 
age in Catifornia. 


1Stanley Hirst: On a new marine spider from the Galapagos Islands. Ann. and 
Mag. Nat. Hist., ser. 9, vol. 16, 1925, p. 271. 

122G. Bauer: New observations on the origin of the Galapagos Islands (ete.). Amer. 
Naturalist, vol. 31, 1897, pp. 661 et seq. and 864 et seq. 

13 Idem. 
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Woodring seems to think that Noetia reached the Caribbean from the 
Pacific and that it reached Europe from America and America from 
Java if Arca molengraffi from the upper Eocene of Java is a true Noelia, 
as it appears to be. In this connection Woodring ** says: “According 
to available information, Noetia reached the Caribbean region from the 
Pacific and it should be looked for in the California Eocene or Oligo- 
cene.”” 

Six species from the Zorritos formation of Peru and from the Bowden 
of the West Indies point in the same direction. These are: Conus mul- 
tiliratus gasa Johnson and Pilsbry; Dolium (Malea) camura Guppy: 
Pitaria (Lamelliconcha) planivieta (Guppy); Chione (Lirophora) hen- 
dersonii Dall; Tellina (Eurytellina) aequicincta Spieker; Tellina (An- 
gulus) pressa Dall. These six species appear to have spread from Peru 
(Zorritos) to the West Indies (Bowden) and not from the West Indies 
to Peru. 

Woodring seems to think that the Miocene faunas of the West Indies 
and of the East Indies are likely to be more nearly similar because of the 
Pacific exotics in the West Indian Miocene. If Martin ?® is correct in 
determining his Miocene and Pliocene species of Sconsia this species 
must have spread from the East Indies to tropical America across the 
Pacific, because Sconsia is now living in the West Indian region and 
there only. Vredenburg? considers Cypraea murisimiles Martin of the 
East Indies a synonym of (. henekoni Sowerby from the Gurabo Gatum 
of Central America. 


FORAMINIFERA 


Only the so-called larger Foraminfera are of great value for correla- 
tion, and it is mainly through them that the Javan and East Indian 
Tertiary have been correlated with the Tertiary of Europe by way of 
India. The smaller Foraminifera of the East Indies have been little 
studied ; the only notable papers on them are three by Koch *’ and one 
by Fischer.** A few faunas of the smaller Foraminifera of Equatorial 


4 Tdem, p. 101. 
1K. Martin: Die Fossilien von Java auf Grundeiner Sammlung von Dr. R. D. M. 


Verbeek. Samml. Geol. Reichs. Mus. Leiden, new series, vol. 1, pp. 158-159, pl. 24, figs. 
336, 337, 1895. 

16. Vredenburg: Classification of recent and fossil Cypraeidae. Geol. Surv. India, 
vol. 51, 1921, p. 95. 

17 Richard Koch: Die jungertertiiire Foraminiferenfauen yon Kabu (Res. Surabaja, 
Java). Eclogae Geologicae Helvetiae, vol. 18, 1923, pp. 342 et seq. Eine jungertertiire 
Foraminiferenfauna aus Ost-Seran. Idem, vol. 19, 1925, pp. 207-213. Mitteltertiiire 
Foraminiferen aus Bulongan, Ost-Borneo. Idem, vol. 19, 1926, pp. 722-751. 

1%. I, F. Fischer: Paleontologie von Timor, XV, 1927, Lief. 25. 
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America have been described by Cushman,’® Koch,?° Galloway and 
Morrey,”* Nuttall,?* and Berry.** 

These faunas, although they have an Indo-Pacific character, are of 
little use in this study because not much work on the East Indies is 
available to permit comparison with them. Certain species of smaller 
Foraminifera, however, are found in both regions. For example, Had- 
donta minor Chapman is found in the Indo-Pacific area and in the Bow- 
den of the West Indies. Bolivina limbata H. B. Brady is found in the 
Indo-Pacific region, in the Eocene of northwestern Peru, and in the 
Bowden (Miocene) of the West Indies. Cristellaria gemmata H. B. 
Brady is also found in both areas. T'runcatulina lobatula (Walker and 
Jacobs) is found in the Eocene of Peru and the Miocene of the West 
Indies. 

The larger Foraminifera, the East Indian species of which have been 
worked on by many students, are in general as well known as the Euro- 
pean species. Those from tropical America, on the other hand, have 
received attention only in relatively recent years, despite the fact that 
Guppy early noted the occurrence of Orthophragmina in the West Indies. 
Since the increase in value of the Foraminifera in correlation, especially 
the larger forms, the knowledge of the forms found in Equatorial Amer- 
ica has advanced rapidly. Faunas of larger Foraminifera from many of 
the West Indies, from a great part of the mainland around the Carib- 
bean Sea, and from the Pacific side of Equatorial America, have been 
described. 

Until 1928 it was thought that the subgenus Lepidocyclina ss was con- 
fined to the Americas, but in that year van der Vlerk described and 
figured L. boltonensis van der Vlerk from Boeton, in the East Celebes. 
This appears to be the only described species found outside of the Amer- 
ican area, and it seems to be related to certain forms found in Peruvian 
Tertiary deposits. This fact seems to indicate that the subgenus spread 
from the East Indies to Equatorial America, because when a form 
spreads into a new area it usually evolves more rapidly, giving rise to 
many and varied species and numerous individuals. The great abun- 


2 J, A. Cushman: Fossil foraminifera from the West Indies. Carnegie Publication 
291, 1919. 

2 Richard Koch: Miogypsina Staufferi n. sp. from northwestern Venezuela, Eclogae 
Geologicae Helvetiae, vol. 19, 1926, no. 3, pp. 751-753. 

2 J, J. Galloway and Margaret Morrey: A Lower Tertiary foraminiferal fauna from 
Manta, Ecuador. Bull. Am. Pal., vol. 15, no. 55, 1929. 

22W. L. F. Nuttall: Tertiary foraminifera from the Naparima region of Trinidad 
(B. W. I.). Quart. Jour. Geol. Soc., vol. 84, 1928, pp. 57 et seq. 

23 Willard Berry: The foraminifera of the Restin shale of northwest Peru. Eclogae 
Geologicae Helvetiae, vol. 21, no. 1, 1928, pp. 130-135. The smaller foraminifera of 
the Middle Lobitos shale of northwestern Peru. Idem, vol. 21, no. 2, 1928, pp. 390-405. 
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dance of varieties of the subgenus Lepidocyclina in Equatorial America 

is well known, and I believe it is good evidence that the subgenus did 

not arise there and spread to the East Indies, but arose in the East 

Indies and spread to Equatorial America, where it evolved the many 
species now found there. 

In 1906 Boussac ** described and figured several species of the genus 
Pellatispira Boussac from the Lutetien (?) of Borneo. In 1929 I1* 
mentioned the occurrence of Helicolepidina Tobler in the Oligocene (?) 
of Peru. Since then I have found several additional specimens, and I 
now believe that it belongs to the genus Pellatispira Boussac and not to 
the genus Helicolepidina Tobler. My species are from the Oligocene of 
Peru and are probably a little younger than those from Borneo. Dr. 
Hoffmeister ** states that Pallatispira Boussac has recently been found 
on the island of Ea of the Tonga group. This is a step from the East 
Indies toward South America. 

The genus Gypsina is found fossil in the Klias Peninsula of Japan, 
as well as in Peru and around Panama, and it is now living in the 
Caribbean Sea. The genus Miogypsina is also found in both areas, but 
it is obtained from older beds in Borneo. 

Umbgrove writes: 

“When comparing the Foraminifera of the East Indies archipelago with 
the Miocene in Europe we find that the species differ. Only a few of them 
appear to be exceptions in this respect, but it still remains a moot point whether 
these are not skeletons of convergent structural types. This applies to a still 


greater extent to a few Foraminifera and corals which exhibit points of 
similarity with American species.” 


These similarities between forms may be due to convergence in struc- 
tural types, but if they are where is our whole system of correlation based 
on structural features ? 

In the great mass of Peruvian Tertiary material on which I am work- 
ing I find more and more similarity to some of the East Indian faunas. 


SUMMARY 


Summarizing the foregoing brief notes I may say that the forms con- 
sidered must have spread across the site of the Pacific Ocean either from 
east to west or from west to east, and because of the greater development 


24 Jean Boussac: Developpement et morphologie de quelque foraminifera de Prabona. 
Bull. Geol. Soe. France, ser. 4, vol. 6, 1906, pp. 88-97. 

2 Willard Berry: The larger foraminifera of the Verdun formation of northwestern 
Peru. Johns Hopkins University Studies in Geology, vol. 9, 1929. 
26 Oral communication. 
27 Loe. cit. 
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of new forms in Equatorial America and the larger number of local 
faunas I believe that the forms spread from the west to the east and not 
from the east to the west. 

I am not trying to set up an argument for a Pacific continent or a 
land bridge over the Pacific Ocean, but I am tentatively suggesting that 
some of the forms considered reached America from the East Indies by 
way of the Pacific and not by way of the Atlantic. Any difficulties met 
in contending for the spread of a fauna across the Pacific are met also in 
contending for its spread across the Atlantic. The related East Indian 
and Equatorial American forms must have crossed the sea when it was 
shallow and when the climate was in general tropical. 
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The coastal prairie region of southeastern Texas is a deltaic coastal 
plain. A palmate series of irregularly branching, broad, low, sandy ridges 
in Harris, Fort Bend, and Brazoria counties represent the delta of an an- 
cient Brazos River, and a similar series of ridges in Fort Bend, Cham- 
bers, and Liberty counties represent the delta of an ancient Trinity 
River. These old deltas controlled the development of the physiography 
of the coastal prairie region of southeastern Texas. Ridges that represent 
old natural levee systems are major topographic features of the coastal 
prairies. Most of the smaller streams of these prairies are interdistribu- 
taries that flow among the distributaries of the deltas. Those distribu- 
taries have aided in determining the positions of the larger streams. 
Galveston Bay is an interdelta bay; it lies between the ancient deltas of 
the Trinity and Brazos rivers. 

A deltaic coastal plain has through major streams that are essentially 
without tributaries, as well as a branching dendritic net of smaller 
streams, most of which were originally interdistributary. A normal 
marine coastal plain, in contrast, has through streams that have as many 
tributaries as the local streams, or even more, and as large or larger 
drainage basins. The shoreline of a deltaic coastal plain may simulate 


1 Manuscript received by the Secretary of the Society November 12, 1929. 
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closely a shoreline of depression, but an analysis of the erosion of low- 
lying coastal plains shows that funnel-shaped bays, such as Galveston Bay, 
that extend back into a youthful plain can not have been formed by the 
drowning of erosion valleys. 

The drainage pattern of the area of the outcrop of the Lissie forma- 
tion suggests the existence of a still older Pliocene-Pleistocene deltaic 
plain. 


INTRODUCTION 


A more or less conventional conception, which is rather widely held, is 
that the Gulf Coastal Plain of Texas is an uplifted marine plain and pic- 
tures the flat, rather featureless coastal prairie part of that plain as a 
slightly dissected, very young marine coastal plain which has been sub- 
jected to slight submergence, that drowned the erosion valleys. The 
post-Oligocene part of the Gulf Coastal Plain of Texas is composed 
chiefly of nonmarine sediments and seems to be essentially a thick deltaic 
deposit, although intercalated marine Miocene deposits extend into it as 
far inland as Houston and at a few horizons as far inland as the Hockley 
salt dome. Marine deposits intercalated in the Pliocene-Pleistocene area, 
however, are found only close to the present coast. The purpose of the 
present paper is to show that physiographically the coastal prairie zone 
is a deltaic coastal plain, not a marine coastal plain, and that the in- 
dentate bays, such as Galveston Bay, are the interdelta—interdistributary 
bays of a deltaic coastal plain and not drowned erosion valleys. 

The Hockley scarp which parallels the Gulf Coast about 120 miles 
inland, separates the almost flat, seemingly almost featureless, extremely 
youthful coastal prairies from a mature series of plains farther inland. 

These inland plains near the Hockley scarp are in the youth of a second 
cvele caused by a slight rejuvenation, but the broad interstream areas 
are in early senility showing little dissection and little relief; but the 
youthful plain of the second cycle grades gradually northward into the 
fully mature plains of the first cycle. A series of plains in Louisiana 
and Mississippi has been recognized by Deussen in the area to the 
southwest and by Matson in the area to the east. 

The coastal prairies slope from the Hockley scarp southward at a 
rate of 5 feet to the mile, a rate that decreases to a foot to the mile 
toward a zone in which they become marshy and dip under the Gulf or 
under the coastal lagoons. The coastal prairies are almost featureless 
and are in extreme youth. The major original physiographic features of 
the coastal prairies are the indented bays, such as Galveston Bay, which 
extend 30 miles back from the Gulf, the ridges representing the natural 
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levee systems of ancient deltas, and the interdelta and interdistributary 
depressions. The larger streams have trenched narrow valleys across the 
coastal prairies. The smaller streams flow in gullies with almost imper- 
ceptible valleys. The deformational salt dome mounds rise above the 
general level of the surrounding prairie with a relief ranging from 0 to 
200 feet and a diameter of 1 and 2 miles. A line of lagoons and barrier 
beaches lie between the coastal prairies and the Gulf of Mexico except in 
Jefferson and Brazoria counties. 

The only easily obvious relief shown by the coastal prairies consists of : 

I. Erosional relief immediately adjacent to the streams and bays. 

II. The scattered salt dome mounds. 

III. The small but locally numerous “pimple” or “gas” mounds and 
“blowout” holes. 

IV. The low, broad, winding ridges representing ancient natural 
levees. 

A division of the coastal prairies into the Jefferson Plain (0 to 15 
feet in elevation) the Kountze Plain (25 to 90 feet in elevation) and 
the Hockley Plain (110 to 175 feet in elevation) was made by the 
writer * but has now been abandoned by him. Deussen * has divided the 
southwestern extension of the coastal prairies into southern Texas into 
three marine terraces which are probably equivalent, respectively, to the 
writer’s Jefferson, Kountze, and Hockley plains. 

The deltaic character of the coastal prairies has not been recognized 
previously. The existence of faint ridges that wander across the coastal 
prairies was known to many geologists, but these ridges are only briefly 
mentioned in the literature, and their extent, character, and significance 
were not realized. Lee Hager * recognized three types of ridges: 

I. Wave ridges left inland by uplift of the coast (long narrow ridges 
which are paralleled by other ridges or from which other ridges make off. 

II. Pressure ridges (parts of the surface that are warped into low 
ridges and swells). 

III. Erosion ridges (divides between streams). 

In his previous papers on Gulf Coast physiography, the writer * recog- 
nized “prairie ridges” (broad low ridges that exend for miles across the 
prairie), abandoned natural levees, and abandoned beach ridges. On 


2D. C. Barton: Pine Prairie Salt Dome (in Geology of Salt Dome Oilfields). American 
Association of Petroleum Geologists, 1926, pp. 420-423. 

3 Alexander Deussen: Geology of the Coastal Plain of Texas west of the Brazos River. 
U. S. Geological Survey, Prof. Paper 126, 1924, pp. 3-10. 

Anonymous (Lee Hager): Indications of oil in the Gulf Coast country. Privately 
printed and distributed by W. ©. Moore, Houston, Texas. (Undated, but slightly be- 
fore 1917) p. 11. 

5D. C. Barton, loe. cit. 
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account of what now seems association of some of the prairie ridges with 
such salt domes as Big Hill in Jefferson County, Blue Ridge, Pierce 
Junction, North Dayton, Davis Hill, South Liberty-Dayton, the writer 
tentatively concluded that prairie ridges might represent deformation 
along structural axes connecting the domes. 

Abandoned beach ridges are found in the marshes within 10 miles of 
the coast on both sides of Sabine Pass, in Jefferson County, Texas, and 
in Cameron Parish, Louisiana, and farther east along the Louisiana 
coast. There is an uplifted barrier beach ridge in the Corpus Christi 
area, southwest of the area here considered, but it does not extend quite 
to the Brazos River. No other abandoned shorelines have been found 
by the writer in this area. The writer’s “prairie ridges,” Hager’s pressure 
ridges, and his “wave ridges” other than the abandoned beach ridges just 
mentioned, and probably many of his stream divide ridges, have proved 
to be abandoned natural levees of a series of late Pleistocene deltas. 


ANCIENT DELTAS 
GENERAL STATEMENT 


Two series of irregularly palmate branching, broad, low, sandy ridges 
which traverse areas of predominantly clay soil, seem to represent 
ancient deltas of the Brazos and Trinity rivers. These ancient deltas 
have dominantly controlled the moulding of the gulfward two-thirds 
of the coastal prairies. The ridges of the ancient Brazos delta spread 
eastward, southeastward, and southward across southern Harris County, 
Galveston County, and eastern Brazoria County. The ridges of the 
ancient Trinity delta spread eastward and southward across Jefferson 
County and probably also southward also across Liberty, Chambers, and 
eastern Harris County. 


EVIDENCE OF THE ANCIENT DELTAS AFFORDED BY PHYSIOGRAPHY 


The palmate series of irregularly branching, broad, low, topographic 
ridges that spread southeastward across southern Harris County, eastern 
Fort Bend County, and eastern Brazoria County is shown by figure 1. 
Missouri City Ridge extends from the southeast quarter of F4 in figure 
1, just northwest of the Blue Ridge salt dome, east-northeastward across 
the Pierce Junction salt dome into D4. Blue Ridge extends southeast- 
ward from the Blue Ridge area of Brazoria County and farther south- 
eastward through an unmapped area toward Alvin. Almeda Ridge 
branches from the Blue Ridge at the Blue Ridge salt dome (F5) and 
extends east-northeastward across the northern part of E-D-C-5 and from 
E5 sends one branch northeastward into B-4, one branch southeastward 
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Ficurn 1.—Topographic Map of Harris County and adjacent Parts of Fort Bend and Brazoria Counties 


Topography in Harris County after U. S. Geological Survey. Topography in Fort Bend and Brazoria 
counties from commercial surveys. 
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into east central B5, and one branch southward into the southeast quar- 
ter of C5. 

Traces of an old stream channel are still recognizable in this region 
although not in the area mapped by the United States Geological Sur- 
vey. The old channel of the ancient Blue Ridge stream is represented 
by a distinct swale lying a half mile south of the Blue Ridge salt dome 
and crossing State Highway Number 19 immediately south of the Fresno 
station. After excessive rainfall the swale still acts as a drainageway. 
The broad depression cutting down through Blue Ridge salt dome 
mound to the general level of the prairie looks suggestively as if it might 
represent the ancient channel of the Almeda ridge stream. The writer 
formerly believed that this depression represents solution of the top of 
the salt core, which rises within 250 feet of the surface, but the depres- 
sion runs entirely across the dome, is in about the position occupied by 
the ancient Almeda channel, and has the same direction as the Almeda 
ridge. The preservation of the ancient Almeda channel only where it 
cuts the Blue Ridge salt dome mound is probably due to the greater com- 
pactness and coherence of the slightly older sediments of the mound 
compared to the looseness and incoherence of the more recently deposited 
sediments of the natural levees. 

The course of the ancient mainstream above the Blue Ridge salt 
dome must have lain with the area of the present valley of the Brazos 
River. Although Cypress Creek and Buffalo Bayou rise only a few 
miles from the edge of the Brazos Valley, both flow parallel to that valley 
for a considerable distance and then bend northeastward, the change of 
course suggesting the presence of a natural levee slope from an ancient 
Brazos River. About 2 miles west-southwest of the Blue Ridge salt dome 
a faint trace of the ancient Blue Ridge channel extends back to the edge 
of the present Brazos Valley and is truncated by it. 

Three independent ridges of similar type lie in the eastern part of 
Harris County. The Crosby Ridge extends from near Huffman (in the 
southwest quarter of B1 in figure 1) and wanders in a generally south- 
southeasterly direction past Crosby toward Goose Creek passing through 
B2, B3, A3, into the northwest quarter of A4. There is a distinct small 
branch on the common line of C-B-3, which may have run off from the 
Crosby Ridge, and there is a vague indication of a less distinct ridge 
from the center of the north line of C-2 past Sheldon (through the south- 
east corner of B2) to the distinct small ridge on the common line of 
(-B-3. Another small ridge, the Fauna Ridge, starts in central-western 
(2 and extends south-southeastward to the center of C3 in figure 1. 
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The palmate series of topographic ridges in Jefferson County are 
shown in figure 2. The China Ridge extends from west of Felicia (in 
the center of E-2) northeastward to the common southern corner of C 
and D1 and sends branches southward past Fannett and Cheek (through 
C2 and 3). The Neches Ridge parallels the Neches River from Beau- 
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FIGURB topographic Map of Jefferson County, Teras 
After U. S. Bureau of Soils. 


mont (northwest corner of B2) past Port Neches (northern A3) and 
sends off a long branch southward to the center of B3. The Neches Ridge 
may or may not connect with the eastern tip of the China Bidge. The 
Big Hill Ridge extends from the northeast corner of Chambers County 
(northwest of the center of E3) southward along the county line past 
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Winnie and Stowell; a branch extends southeastward across the southern 
part of D3 and possibly through the northern part of C4; the main ridge 
bends into an eastward course through the southern portion of C and D4 
over the Big Hill salt dome (on the line of C-D-4) into B4. 

The trace of the channel of the China Ridge stream is well preserved. 
In the Nome-China area the old channel is represented by a broad, 
shallow swale, which is in places swampy. From United States High- 
way 90-Texas 2 this swale meanders back and forth across the road. The 
swale averages about 800 feet in width and about 5 feet in depth. In 
the central part of the county (in C3) the south end of this channel is 
preserved in Lovells Lake, a serpentinely meandering lake held by natu- 
ral levees above the general level of the prairie. 

The mound of the Big Hill salt dome (C-D-4, figure 2) shows what 
may be a trace of the old channel of the Big Hill Ridge stream. The 
mound is cut by an east-west trough, which is barely discernible on the 
eastern part of its crest, but which cuts practically to the base of its 
western part. This broad mature valley is much too large for its present 
drainage area and is unlike the erosion valleys on mounds of this type. 
The Big Hill mound was formerly assigned by the writer to the central 
depression type of salt dome mound and the trough was attributed to 
deformation of the surface through differential movement of the under- 
lying salt. The trough has approximately the position and direction of 
the channel of the ancient Big Hill stream. 


EVIDENCE OF THE ANCIENT DELTAS AFFORDED BY SOILS ® 


The soils of these topographic ridges are characteristically sandy, 
although the soils in adjacent areas are clayey, and the crests of the 
ridges are more sandy than the flanks. The ancient channel is preserved 
in places as a thin ribbon of clay that meanders lengthwise of the sand 
zone on the crest of a ridge. 

In Harris County and in Brazoria County east of the Brazos River 
(see figure 3) the general distribution of the soils shows a zonal arrange- 
ment parallel to the coast; the Harris clay (Galveston clay of earlier 
reports) forms a zone about 5 miles wide along the coast; then comes 
the Lake Charles clay (called the Houston clay in older reports) in a 
zone about 60 miles wide; a zone of sandy soils, the Katy fine sandy 
loam, the Lake Charles clay loam, and Acadia fine sandy loam, about 
15 miles wide between the zone of the Lake Charles clay and the Hockley 
scarp; and north of the Hockley an older soil, the Hockley fine sand 


®* Data from Soil Survey Reports for Harris County, Jefferson County, Brazoria Area, 
Brazoria County, Texas, U. S. Bureau of Soils. 
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3.—Noil Map of Harris Councy unu of tne eastern Half of County 
After U. S. Bureau of Soils. 


Harris County Brazoria County 
HF = Hockley Fine Sandy Loam CFL = Caleasieu Fine Sandy Loam 
KF = Katy Fine Sandy Loam L= Lake CharlesFine Sandy Loam 
AVF = Acadia Fine and Very Fine Sandy Loam HC = Houston Black Clay 
LV = Lake Charles Very Fine Sandy Loam YSL= Yazoo Fine Sandy Loam 
LM = Lake Charles Clay Loam SC = Sharkey Clay 
LC = Lake Charles Clay GC = Galveston Clay 
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which marks the outcrop of the (?) Lissie formation. In the bottoms and 
terraces of the present river valleys there are still other soils. 
The general distribution of the soils of Jefferson County is similar to 
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FIGURE 4,—NSoil Map of Jefferson County, U. S. Bureau of Soils 


ILES 


LJ = Lake Charles Very Fine Sandy Loam LS = Lake Charles Silt Clay Loam 
LC = Lake Charles Clay 1.0 = Lomalto Clay 


that of the soils of east Brazoria and southern Harris counties (see 
figure 4). The Harris clay soils (formerly called the Lomalto clay 
soils) extend from the present beach inlandward for 5 to 15 miles. North 
of the Harris (Lomalto) clay zone, and extending northward into the 
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next county, there is a broad zone in which the Lake Charles clay is 
predominant. 

The soils of those two palmate series of topographic ridges are sandy 
soils of the Lake Charles series. The crest of the Jefferson County 
ridges is covered mostly by the Lake Charles very fine sandy loam and 
locally by the Lake Charles silt clay loam. The upper and middle 
parts of the flanks are covered with the Lake Charles silt clay loam. 
The crest of the Harris County ridges is covered mostly with the Lake 
Charles very fine sandy loam, and the flanks and locally the crest by 
the Lake Charles clay loam. 

A series of sandy ridges is revealed by the reconnaissance soil map of 
the topographically unmapped eastern Brazoria County. The soils of 
the ridges are mapped as the Calcasieu very fine sandy loam and the 
Lake Charles very fine sandy loam. This series of ridges comprises an 
extension of Blue Ridge past Alvin and down Mustang Bayou almost to 
the Gulf of Mexico, an indistinct branch of Blue Ridge eastward past 
Pearland (figure 3, D5), and yet more indistinct traces of a ridge 
paralleling Blue Ridge on the west, and a fragment of a ridge near 
Angleton. The ancient channel of Blue Ridge in Brazoria County is 
occupied by Mustang Bayou, a decadent stream without sufficient re- 
sources in water or sediment to build up the large sandy levees within 
which it flows. 

The ancient meandering channel of the China Ridge stream stands out 
most clearly on the soil map as a thin serpentine ribbon of Lake Charles 
clay traversing the area of Lake Charles very fine sandy loam and the 
silt clay loam. The channel can be traced by the soil from the county 
line almost continuously to Lovells Lake. The ancient channel of the 
Big Hill Ridge is well shown both on the ground and by the soil may 
in the area immediately north of the Jefferson-Chambers County line, 
but it is not recognized after the ridge has turned eastward through 
Jefferson County. The old channel of the Neches Ridge is not shown 
by the soil map. 

The soils of two of the lesser ridges, Fauna Ridge (figure 3, C2-3) 
in Harris County, and Big Slough Ridge (figure 2, D9) in Brazoria 
County, are not of the Lake Charles series and the ridges seem to be 
younger than the main series of palmate ridges. The soil of the Fauna 
Ridge is the Acadia fine sandy loam; and the soil of the Big Slough 
ridge is the Yazoo fine sandy loam, the same soil as that of the present 
day natural levees of the Brazos River. 
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These sandy topographic ridges which traverse regions where the 
soils are predominantly clayey, manifestly mark distributaries that 
formed the deltas of ancient streams. Their relations to the interdis- 
tributary streams might indicate that they mark interstream divides, 
but the interstream areas are almost flat and are poorly drained areas 
in earliest youth, the stream valleys are narrow, and the effects of stream 
erosion extends back only a short distance from the streams. The well- 
defined traces of the channels along the crest of some of the ridges, the 
cross-section and the map pattern of the ridges, and the gradation from 
sandy soils along the position of the channels through less sandy soils 
to the predominantly clayey soils of the interridge area show that these 
sandy ridges are abandoned natural levees. The palmately branching 
map pattern of the two main series of the ridges which resembles rather 
closely.the pattern of the lower Mississippi delta indicate that they rep- 
resent ancient deltas. 

This distributary system of southern Harris County and of eastern 
Brazoria County seems to mark the delta of an ancient Brazos River. 
The distributaries diverge from a point now out in the Brazos Valley, 
northwest of the Blue Ridge salt dome. The courses of the upper 
reaches of Cypress Creek and of Buffalo Bayou seem to mark the site 
of an old levee that rose westward to the edge of the present Brazos 
Valley, and suggest that the mainstream lay within the area of the 
present Brazos Valley. 

The distributary system in Jefferson County is assumed to be the 
delta of an old Trinity River, as the distributary streams of that system 
diverged eastward and southward from a point near Felicia (slightly 
north of the common south corner of E-F-2 in figure 2), and the old 
main stream above that point seems to have extended northwestward 
toward the present Trinity Valley. The evidence for that course of the 
old main stream is the course of Cypress Creek (figure 2, B1) and that 
of Willow Creek (figure 2, F2), the sandy soils near Raywood and _ be- 
tween Raywood and Devers, and the absence for a considerable distance 
northward of tributaries flowing into the Trinity River from the east. 

The delta of the ancient Trinity River probably comprises more than 
the abandoned distributaries in Jefferson County. The bayous of 
Chambers County likewise show a divergence from a point just west 
of Felicia, and that divergence suggests that those streams were also 
interdistributary, as well as most of the present day streams in Jeffer- 
son County. A rapid road reconnaissance across northern Chambers 
County showed that three sandy zones cross the road between the Big 
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Hill Ridge and the Trinity River. These zones suggest the sandy zones 
of these ancient natural levees, but, unfortunately, soil and topographic 
maps are not available for either Chambers or Liberty counties. 


Ficure 5.—Map of southeastern Texas and of the Lower Mississippi Delta, drawn to 
the same Scale 
The ancient Brazos and Trinity distributary systems are shown by the heavy black lines. 


In the area west of the present Trinity River Valley a similar smaller 
but less well known series of ridges probably also belong to that ancient 
Trinity delta. Near the North Dayton salt dome the writer mapped a 
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broad sandy ridge (Myrtle Ridge) of the same general type as the Big 
Hill and China ridges. This ridge is said to extend east-northeastward 
to the Davis Hill salt dome. It extends southward past Dayton toward 
the South Liberty-Dayton salt dome and on the south edge of the North 
Dayton salt dome it sends a banch off west-southwestward. The Crosby 
Ridge, in Harris County, extends from the county line northeast of 
Huffman southward between Cedar Bayou and the San Jacinto River. 
The course of Luce Bayou suggests that a ridge to the south (Myrtle 
Ridge or one of its branches) extends from Davis Hill to connect with 
the known Crosby Ridge at Huffman. The presence of a north-south 
sandy ridge at the Barbers Hill salt dome and the course of Cedar Creek 
and its lack of long tributaries warrants a guess that a branch of Myrtle 
Ridge may extend southward from a point south of Dayton past Barbers 
Hill to form the point of land projecting into Galveston Bay. 

The fan-shaped fronts of these ancient deltas is reflected in the bay 
and lagoon coastline of Jefferson, Chambers, Galveston, and Brazoria 
counties (see figure 5). The eastern shore of Galveston Bay and the 
northern shore of Kast Bay curve convexly seaward and meet the Gulf 
shore where the Jefferson-Chambers County line intersects the coast. 
East of that point a series of marsh ponds and connecting tidal bayous 
outline the prolongation of the same convex curve through Jefferson 
(‘ounty to Sabine Lake and seem to represent the last remnants of a 
filled-in lagoon. The inner beach ridges in the southeast corner of 
Jefferson County (A-4-3, figure +) represent the remnant of the corre- 
sponding barrier beach and indicate a corresponding convexity of the 
ancient shore line. The western shore of Galveston Bay, the northern 
shore of West Bay, and the northern shore of Matagorda Bay picture in 
a similar manner the convex front of the ancient Brazos delta. 

The ancient Brazos and Trinity deltas are fairly large, very much 
larger than the deltas of the present-day Brazos and Trinity rivers. The 
size of these deltas is compared with that of the Mississippi delta in 
figure 5. The ancient Trinity delta is of about the same size as the 
delta of the Mississippi River proper below New Orleans—that is, ex- 
clusive of the delta of the Bayou la Fourche system of distributaries. 
The ancient Brazos delta is perhaps slightly smaller. Whether those 
ancient deltas were built as a thin veneer over a plain that stood not far 
below the present surface or whether they were built out into deep 
water as the Mississippi delta has been built has not been determined. 
The large size of the ridges that rise above the level of the adjacent 


basins and the large size of the Galveston Bay depression are an evi- 
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dence, however, of the extensive depositional activity of those ancient 
streams. The deltas of the present Brazos and Trinity rivers are micro- 
scopic in size compared to deltas of their ancient predecessors. Although 
the Trinity River empties into quiet, shallow water, it has only a barely 
discernible delta. The Brazos River may have filled a narrow coastal 
lagoon, but it now opens directly into the Gulf of Mexico and has only 
a faint suggestion of a delta. 

The size of these ancient deltas and the amount of depositional activ- 
ity they represent seem incompatible with the size of the present 
Brazos and Trinity rivers. The conclusion seems warranted that the 
ancient Brazos and Trinity were larger and carried more sediment than 
their successors. The further suggestion then follows that the rainfall 
was greater in the days of those old streams or that the drainage of 
those streams has been diverted to other river systems. 

The age of the ancient Brazos and Trinity deltas is tentatively placed 
by the writer in late Pleistocene or very early Recent time. The rivers 
have carved considerable valleys since that time and their terraces reveal 
a long and complex series of events. The conditions have changed since 
the deltas were built: the deltas have been uplifted slightly and probably 
tilted to the north. 

CONTROL OF THE PHYSICAL GEOGRAPHY BY THE ANCIENT DELTAS 


These deltas have largely controlled the molding of the physical 
geography of the Coastal Prairies. Most of the streams in the coastward 
two-thirds of the Coastal Prairies occupy an interdistributary position 
in reference to these ancient deltas. Essentially all the streams in Jef- 
ferson County except the tidal streams of the coastal marshes are inter- 
distributarv streams. Pine Island Bayou, West Fork, and the western 
branches of West Fork on the north edge of the county show the con- 
trolling influence of the China Ridge. These streams flow in a generally 
southerly direction, but they have to take a northeasterly course to get 
around the northeastern tip of the China Ridge before they can bend 
southeastward to flow into the Neches River, which then skirts the 
Neches Ridge to get to Sabine Lake. 

Many of the streams in southern Harris County and eastern Brazoria 
County are interdistributary in position, and the positions of others 
have been strongly influenced by these ancient distributary systems. 
The San Jacinto River, the largest stream in Harris County, lies between 
the Crosby Ridge (B-1-2-3, A-3-4, figures 1 and 3) and the possible 
Fauna Ridge (C2, B-C-3, figures 1 and 3) and escapes into Galveston 
Bay between the tips of the Crosby Ridge and of the northeast fork of 
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the Almeda Ridge (E5 to B4, figures 1 and 3). If the Fauna Ridge is 
not a valid ridge, the position of the river is at least strongly controlled 
by the Crosby Ridge. Buffalo Bayou, the second largest stream in Harris 
County, occupies the trough between the regional southward slope of the 
area and the northward slope of the ancient distributary system of the 
Brazos River. Brays Bayou, Sims Bayou (D4, figures 1 and 3), Clear 
Creek (E to B35, figures 1 and 3), and Middle Bayou (B-4-5, figures 1 
and 3) are interdistributary streams. Cedar Bayou, which forms the 
eastern boundary of Harris County, may be an interdistributary stream 
lying between the Crosby Ridge and a possible Barbers Hill branch of 
Myrtle Ridge. Mustang Bayou (southeast quarter of E5 to B6-7, 
figure 3) is not an interdistributary stream, but is perhaps a decadent 
descendant of the ancient Blue Ridge stream. The course of the present 
Brazos River from 15 to F6, figure 3, suggests some controlling obstacle, 
such as a ridge on the right of the river, and the course of the river 
(from E-F6 to 9) suggests deflection by the ridge whose remnants are 
seen in E-#8-9. Oyster Creek is a back bottom stream in the present 
Brazos Valley. 

What governed the northeastward courses of Cypress Creek and Spring 
Creek and of Willow Creek, lying between them, in northern Harris 
County, is not clear. The courses of Willow Creek (F1, figure 1) and 
of the short northeast reach of Buffalo Bayou in G3-4, figure 1, appear 
to have been determined by northeast-southwest faulting. The course 
of Cypress Creek may also have been determined by a fault, but the 
Katy fine sand (KFO of G-H2-3, figure 3) may represent an alluvial 
outwash fan and Cypress Creek in H-G2 may occupy the trough between 
the Hockley (flexure) scarp and the northern slope of the alluvial fan. 
The drainage pattern of the area north of the Hockley scarp suggests 
that Spring Creek and other tributaries of the San Jacinto, River are 
interdistributary streams of a yet older delta of the Brazoa River. 

Galveston Bay and Sabine Lake primarily were residual water areas 
that were not filled in during the period of delta building. Galveston 
Bay lies between the ancient Brazos delta on the west and the ancient 
Trinity delta on the east and north and extends up between distribu- 
taries of the Trinity delta. Sabine Lake lies between the ancient Trinity 
delta and the unmapped marshes of Cameron Parish. The back beach 
ridges of the southeastern corner of Jefferson Parish (figures 2 and 4-A-4) 
and a roughly symmetrically corresponding set of beach ridges in the 
southwest corner of Cameron Parish, Louisiana, indicate that originally 
Sabine Lake opened directly into the Gulf with a wide mouth. Both 
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Galveston Bay and Sabine Lake have presumably been widened greatly 
by lateral wave erosion. The upper 10 to 20 feet of the coastal marshes 
of the present Mississippi delta are composed of soft mud and silt into 
which a 2-inch iron pipe can be pushed for 15 to 20 feet by two men. 
If the deposits composing present marshes afford any criterion of those 
in the marshes in front of the ancient deltas, the old deposits should 
have yielded readily to the attack of waves as soon as active deposition 
ceased. The fresh exposures and the caving of the present banks of 
Galveston Bay, at least, show that these banks are undergoing consider- 
able lateral erosion. 

Reentrant minor bays, such as the lower reaches of San Jacinto River, 
Clear Creek, Dickinson Bayou, and Chocolate Bayou, opening back from 
Galveston Bay, are interdistributary in position. Although interdis- 
tributary streams may have carved valleys which later may have been 
drowned and then broadened by subsequent lateral wave erosion, there 
was at least an original tendency to form bays or inlets on the sites of 
the present bays. The broad, apparently drowned valleys of the lower 
reaches of the Neches and Sabine Rivers, which open into Sabine Lake, 
may have been broad tidal estuary streams similar to the lower stretches 
of the present Atchafalaya River. 

Galveston Bay and Sabine Lake show a general resemblance to Bara- 
taria and Terrebonne bays, present-day interdelta bays between the 
deltas of distributaries of the Mississippi River. Even such features as 
Red Fish Bar, a hard sand bar cutting Galveston Bay into upper and 
lower halves, suggests a correspondence to the land barrier cutting off 
Lake Barre from the head of Terrebonne Bay. 


DELTAIC COASTAL PLAINS 


The term “deltaic coastal plain” is used for a coastal plain formed by 
the coalescence of deltas, such as the Mississippi delta. The deltaic 
coastal plain is one of a trio of closely related types of coastal plains— 
the deltaic coastal plain, the fluvio-glacial outwash coastal plain, and the 
alluvial outwash coastal plain that lies at the foot of a mountain system. 
The two types last named have coarser sediments and steeper slopes than 
the deltaic coastal plain, which is formed by streams flowing at low 
gradients and transporting only fine sediments. 

The characteristics of a deltaic plain, in contrast to those of a normal 
marine coastal plain, are shown in the coastal prairie and marshy area 
of southeast Texas and the Mississippi delta. 
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A normal marine coastal plain at emergence is, theoretically, an 
almost flat plain showing only vague, broad, shallow depressions. The 
streams of the older land, if prolonged across the newly uplifted coastal 
plain, should take almost direct courses to the sea. Newly born conse- 
quent streams arising between the prolonged streams should also take 
direct courses to the sea. Both through and local streams should form 
a more or less dendritic net of tributaries. The location of the tributaries 
should be determined by whatever slight depressions may extend back 
from the main stream and by headward erosion. With the further 
development of the drainage system, certain streams should grow at the 
expense of others. The shoreline should be nearly straight, showing no 
reentrant bays, and in youth and maturity it should be characterized by 
a barrier beach and lagoon. With increasing maturity of the shoreline 
the barrier beach is driven back to the mainland. 

A deltaic coastal plain may be an almost flat plain. Over wide areas 
of the coastal prairie in southeast Texas not near the streams the slope 
is less than 4 feet to the mile. The slight depressions and elevations, 
however, are rather definitely organized. The deltaic coastal plain is 
composed of a series of more or less coalescing deltas and therefore con- 
sists initially of series of natural levee ridges and interlevee basins. ‘The 
stream system that forms a delta consists of the main stream, an 
occasional branch distributary, and, not uncommonly, a terminal palmate 
series of distributaries. The main stream and any of the distributaries 
may flow for a considerable distance in a tolerably straight course with- 
out sending off branch distributaries. Distributaries tend to flow in a 
course diagonal to that of the main stream, a course combining a com- 
ponent away from the main stream and a component toward the sea. 
The outline of a delta that is not greatly affected by longshore currents 
tends to become that of an irregularly lobate or elongate fan. Irregu- 
larly funnel-shaped, broad, flat, interdelta basins lie between contiguous 
but not coalescing deltas; and simple or branching interdistributary 
depressions head back into each delta. 

In its formative stage, the delta plain at the coast lies essentially at 
sealevel, the natural levees tend to rise slightly above sealevel, and the 
interdelta and interdistributary basins sink slightly below it. Inland, the 
plain rises very slowly; the natural levee ridges are dry land, the inter- 
distributary depressions and the upper ends of the interdelta basins are 
more or less swampy bottom lands. The sea bottom will slope gently 
from the coastline seaward in essential continuation of the delta plain. 
The drainage system consists of : 
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1. The several major through streams and their distributaries, which 
flow between their natural levees. 

2. A more or less poorly organized system of interdelta and interdis- 
tributary streams and lakes, which empty into interdelta or interdis- 
tributary bays. 

The Mississippi delta is a characteristic deltaic coastal plain in its 
formative stage. Its coastward portion is formed by the coalescence of 
the deltas of the main stream proper and of several distribution (see 
figure 5). It is a delta composed of through streams that flow between 
natural levees and that have broad interdelta basins, which inland are 
drained by a poorly organized set of lakes and interdelta-interdistribu- 
tary streams and which at the coast are occupied by reentrant, funnel- 
shaped bays. 

During the continuance of the conditions which lead to its forma- 
tion a deltaic coastal plain is stable. With the advancement of its 
front seaward there will be minor adjustment of upstream profiles and 
minor deposition which continues to build up the general level of the 
plain at a decreasing rate. Some of the sluggish streams of the inter- 
distributary and interdelta swamps become clogged and abandoned and 
new ones are formed. Some distributaries become decadent or are 
entirely abandoned and new distributaries are formed. A mainstream 
may occasionally break its natural levee and take a short-cut to the sea. 

Geologically, the deltaic coastal plain is composed of nonmarine beds, 
in contrast to the marine beds that form the marine coastal plain. The 
heds exposed at the surface over the coastal prairies of southeastern 
Texas, for example, are unfossiliferous. 

Development of an erosion cycle comparable to that undergone by a 
normal marine coastal plain can begin only with tilting or uplift that 
increases the gradient of the streams. Moderate uplift without tilting 
should prolong the streams with small increase in gradient only in their 
lowest reaches. The increase should be absorbed gradually upstream, 
however, without appreciable effect on the deltaic plain. Reduction in 
the volume of stream flow or in the quantity of sediment transported 
should produce only minor changes, and the deltaic coastal plain should 
soon take on a stable, permanent aspect, not far different from its origi- 
nal aspect. 

With differential uplift increasing inlandward, or with considerable 
uplift. the consequent increase in the gradient of the streams should 
initiate an erosion cycle comparable to the erosion cycle of an uplifted 
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The major streams will start to erode valleys in the deltaic coastal 
plain. A major stream will either, (a) maintain its course in its prin- 
cipal channel, or (b) take a shorter course down a distributary, or (c) 
breach a natural levee and take a course down an interdistributary or 
interdelta depression, or it will do a, and then J, or a and then ¢, or a, b, 
and then c. As long as the stream holds to the course of its ancient 
main channel or the course of an ancient distributary, it is not likely 
to annex or form tributaries, for the natural levees produce a drainage 
divide close to the edge of the ancient stream. Consequent streams 
will, therefore, be diverted away from the streams and gullies heading 
back from a major stream will not have enough drainage to make possible 
appreciable headward erosion. In a much later stage, the movement of 
meanders or the widening of the valley may lead to capture of interdis- 
tributary or consequent streams. If a major stream takes its course down 
an interdistributary depression or through an interdelta basin, it will have 
most of the aspects of an interdistributary stream. If the erosion 
cycle is due to tilting and uplift that increases inlandward the in- 
creased erosion will lead to increased loading of the streams and to main- 
tenance of the deposition stage in the lowest reaches of the streams. 

During the formative stage of a deltaic coastal plain, the interdelta 
and interdistributary “basins of the land area are drained by a poorly 
organized system of shallow lakes and bayous, such as those of the 
present Mississippi delta (figure 5). With the initiation of the erosion 
cycle that rude drainage system will be developed into a well-organized, 
dendritically branching interdistributary, interdelta drainage system. A 
stream will form in the thalweg of each interdistributary depression. 
The interdistributary streams will unite to form a stream down the 
thalweg of the interdelta basin. If the delta is built in front of a land 
slope facing seaward, the streams coming down that slope will unite at 
its foot to form a stream down the thalweg of the depression between 
that slope and the landward flank of the delta. Unless the uplift at 
the coastline is very great, the main stream of those interdelta systems 
will empty into the head of a reentrant interdelta bay. The interdistrib- 
utary streams of the lower part of each delta will tend to empty into 
the head of reentrant interdistributary bays opening into a interdelta 
bay or into the open sea. The formation of tributaries to the interdis- 
tributary streams will be controlled largely by subdistributary natural 
levees. In broad previously undrained interdelta and interdistributary 
areas simple consequent streams may form. Ultimately a dendritic sys- 
tem of tributaries will be formed by the headward erosion of gullies back 
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from the main interdistributary and interdelta streams, but in a vege- 
tation-covered deltaic coastal plain, with slopes as low as those of the 
coastal prairies of southeast Texas, headward erosion of gullies is ex- 
tremely slow. 

An interdistributary stream differs considerably from the descendant 
of a major stream, which is essentially a through stream receiving little 
local accession of water. The volume of the flow and load of such a 
through stream is rather constant throughout its course across the deltaic 
coastal plain. Its size and general characteristics therefore remain 
rather constant across the plain, and it has a rather flat gradient profile. 
At the beginning of the erosion cycle it is flowing within natural levees. 
It has no tributaries initially and is essentially only an aqueduct across 
the plain. The interdistributary stream is a local stream. It tends to 
rise within the deltaic costal plain and forms the drainage system of 
that plain. By its confluence with numerous tributaries its volume of 
flow and consequently its size increase rapidly seaward. Its gradient 
profile is steeper than that of a through stream. In the inlandward ; 
part of the deltaic coastal plain its volume and therefore its erosive 
power are less than the volume of a through stream. It starts without ‘ 
natural levees, and even in its early stages it forms a small river valley. 

The development of the deltaic coastal plain through the erosion 
cycle should be approximately the same as the development of an up- 
lifted normal marine plain through its cycle, but to the end it should 
bear the impress of its peculiar initial drainage patter. A major 
(through) stream should adjust its profile ultimately to a lower, flatter 
gradient than the gradients of the interdistributary streams and should 
extend its valley and drainage basin at the expense of the drainage basin 
of the interdistributary, interdelta series of streams, mostly by capture 
of lesser interdistributary streams. But in general, even in the old-age 
stage of the erosion cycle, the descendants of the initial major streams 
should be essentially through streams having relatively few and short 
tributaries, and the larger streams among the descendants of the original 
interdistributary stream systems should have a palmately branching 
plan and their tributaries should have a dendritic plan. 

The shoreline of a deltaic coastal plain simulates a shoreline of de- 
pression. In the constructional stage of the deltaic coastal plain, the a 
shoreline consists of somewhat serrate, fan-shaped delta fronts alternat- 
ing with irregularly funnel-shaped interdelta bays and subordinate, 
elongated, reentrant, interdistributary bays. If the land is uplifted 
slightly, the shoreline will maintain essentially the same character. If 
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the uplift is considerable, a strip of marine coastal plain will intervene 
between the deltaic coastal plain and the shore, and the shoreline will be 
a normal, youthfud shoreline of emergence. If a deltaic coastal plain 
in the constructional stage is partly submerged, the shoreline will main- 
tain its general character essentially without change. The shoreline of 
a deltaic coastal plain will advance, remain stationary, or retreat. ac- 
cording to the quantity of sediment brought down to the shore by the 
streams and the strength of the longshore currents of the wave attack. 
If the quantity of sediment delivered to the coast by the streams de- 
creases relatively to the strength of the longshore currents and wave 
attack, the shoreline may go into an erosion cycle comparable to that of 
a shoreline of depression. 

The deltaic character of the shoreline and of the coastal plain is 
evident if the depositional activity of the streams is greater than 
the effective activity of the longshore currents and the wave attack. In 
an area where the depositional activity of the streams has decreased con- 
siderably below the effective activity of the longshore currents and the 
wave attack, the superficial resemblance of the shoreline of depression is 
close. In an area where distributaries are active the deltas are being 
built forward rapidly and the deltaic character of the coastal plain is 
evident. In an area where the distributaries have become decadent, 
there is no active delta-building, and major streams may have breached 
their natural levees and taken courses into the headwaters of interdelta 
bays. The interstream areas of the deltaic coastal plain are broad and 
flat and the streams are widely spaced. As the surface is extremely flat 
and stands only slightly above sealevel, no general dendritic series of 
tributaries can be formed. The interdelta bays are funnel-shaped, open 
seaward. If a coastal plain has never stood more than 20 or 30 feet 
above sealevel, the sides of the valleys of the streams are nearly parallel. 
The drowning of such stream systems will produce not funnel-shaped 
bays, such as Galveston Bay, but drowned valleys like the lower valley of 
the San Jacinto River-Buffalo Bayou stream system. To obtain a vallev 
having the funnel-shaped horizontal plain of Galveston Bay the erosion 
cycle must have advanced well into or through the youthful stage and 
the valleys must be more than 20 or 30 feet deep. Under those condi- 
tions, a concomitant development of an extensive dendritic system of 
tributary streams would be inevitable. Unless a deltaic coastal plain 
has been greatly uplifted and deeply dissected, it can not have an exten- 
sive dendritic net of tributary streams. The extreme youth of such a 
plain as the coastal prairies of southeastern Texas and net of widely 
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spaced streams, most of them flowing in gullies, is incompatible with 
the formation of a bay like Galveston Bay by the drowning of an ero- 
sional valley. The stream pattern formed by major through streams 
having few tributaries and by local streams having many tributaries 
characterizes a deltaic coastal plain. On a normal marine coastal 
plain the through streams should have as many tributaries as the local 
streams, or more, and the coastal plain drainage basin of the through 
streams should be as large as or larger than those of the local streams. 

To one who keeps in mind the contrasting drainage patterns of deltaic 
and marine coastal plains, the drainage patterns of the San Jacinto and 
Neches River systems north of the Hockley scarp seem to suggest a vet 
older (probably Plio-Pleistocene) set of Brazos and Trinity deltas. In 
the areas north and south of the Hockley scarp, the Brazos and Trinity 
rivers have no such set of tributaries as the San Jacinto and Neches 
rivers. The Brazos River has only very short tributaries which flow in 
from the east, and the headwaters of the tributaries of the San Jacinto 
River come almost to the edge of the Brazos Valley. Both the San 
Jacinto and Neches rivers, particularly the San Jacinto, have fan-shaped 
drainage patterns and diagonal tributaries, which suggest an interdis- 
tributary-interdelta stream system. The outcropping formation in a 
wide zone immediately north of the Hockley scarp is the “(?) Lissie,” 
a nonmarine formation. The plain of the broad, interstream upland 
areas over the zone of the “(?) Lissie” outcrop must be either an ero- 
sion plain, possibly truncating, stratified beds, or a deltaic coastal plain. 
The almost flat and featureless character of the Gulfward part of the 
plain and the scarcity of streams in it suggest a maturely developed 
plain standing within a very few feet of baselevel rather than a peneplain 
produced by long erosion. The plain north of the Hockley scarp may, 
therefore, be a maturely dissected Plio-Pleistocene deltaic plain formed 
originally by the ancient deltas of a Brazos River and a Trinity River 
yet older than the ancient Brazos and Trinity rivers that formed the 
ancient deltas of the coastal prairies of southeastern Texas. 
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Just as this paper was going to press I had the good fortune to ex- 
amine an aérial photographic map of a large area in Southeast Texas and 
through the kind cooperation of the printers I am able to add the fol- 
lowing note. 

The map indicates that there were also an ancient Neches River and 
an ancient Sabine River which like the former Brazos and Trinity rivers 
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were very much larger than their present day successors. The wide- 
sweeping meanders and broad, abandoned channels of the former Neches 
and Sabine rivers are revealed most beautifully in an extensive unpub- 
lished aérial photographic map made by Tobin in connection with oil 
company work and contrast strongly with the narrow, wriggling course 
of the present Neches and Trinity rivers. Traces of the ancient Neches 
River are shown on the United States Geological Survey topographic 
sheets for the Lakeview and Vidor Quadrangles, Orange County, Texas. 
The radius of curvature of the meanders of the ancient Neches was about 
6,000 plus or minus feet in the vicinity of Beaumont and the width of 
the stream channel was about 1,000 feet. The radius of curvature of 
the meanders of the present Neches is about 600 feet near Beaumont and 
the width of the stream channel is about 500 feet. The meanders of the 
present Mississippi River between Baton Rouge and New Orleans have 
a radius of curvature of 6,000 plus or minus feet and the stream chan- 
nel has a width of 2,500 to 3,000 feet. The ancient Neches and Sabine 
rivers in their lower reaches, therefore, must have been very large rivers. 
The rainfall in the Gulf Coast must have been very much heavier in late 
Pleistocene and early recent times than it is at present. 
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| INTRODUCTION 


My interest in amygdules and cavity-fillings was stimulated by the 
study of certain dikes in the coal mines of Linsi, Chihli province, north 
China, on which a report was written for M. F. F. Mathieu, then geolo- 
gist for the Kailan Mining Administration. Later, cavity-fillings and 
masses of alteration products were seen in other dike rocks from the 
Liukiang coal-fields, and from near Chaochiakou. Open cavities in a 
granite from Mukden and in a remarkable contact rock from Tsinanfu 
in Shantung were studied, as well as a thick amygdaloid in the Western 
Hills of Peking. After reviewing the available literature, it seemed to 
me that a paper which would suggest a genetic classification of cavities 
and cavity-fillings would be acceptable. Such a classification is offered 
in this paper and is illustrated with examples which came within my own 
observation, and with comments upon some published examples, and 


1 Manuscript received by the Secretary of the Geological Society, February 1, 1930. 
(383) 
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with one case cited by Professor William A. Parks. I am aware that I 
do not approach full justice to the literature: and in acknowledging 
what I have found helpful in the writings of others, I] wish to express my 
regret to those whose work I have not seen. 


CLASSES OF CAVITIES AND CAVITY-FILLINGS IN IGNEOUS Rocks 


1. Primary cavities: those due to some original process that was completed 
with the cooling of the magma. 

1. Vesicles due to expanding gases in the magma. Common in surface 
flows, but occasionally found in dikes and sills. These may be classified 
as follows: 

(a) Vesicles due to magmatic gases only; 

(b) Vesicles and irregular cavities due to introduced gases generated 
from ground-water or pond-water over which lava rode, or to gases 
distilled from coal or other rocks cut by a dike. 

2. The unshaped, very irregular cavities in lava, such as aa lava. 

3. “Kneaded” cavities, or spaces due to the movement of crusted lava. 
Thus one sees in aa lava deep, narrow, rough-sided cavities whose 
shape is due to the squeezing or folding over of a lava whose scoria- 
ceous surface is quite or nearly rigid. 

4. Flow spaces or caverns formed where the lava ran out from under a 
rigid surface. They may be quite small. 

5. Tensional cracks due to cooling. 

6. Miarolites: cavities in granitoid rocks, especially in pegmatites. ,A 
subdivision could be made here: 

(a) Cavities due to primary magmatic volatiles: 

(b) Cavities due to water introduced syntectically by the stoping and 

dissolving of country rocks from which volatiles could be distilled 
by magmatic heat. 


Il. Openings due to earth movements. This class includes the following 
groups: 
1. The large majority of joints 
chemical alteration. 
2. The cracks and spaces found in fault planes and fault breccias. 
3. The spaces occupied by the large majority of veins and dikes. 


all except those due to cooling or to 


III. Secondary cavities: those due to the solution and removal of minerals. 
They may very closely resemble miarolites. Cavities of this type are 
common also in other than igneous rocks. 

1. Enlarged cavities: primary cavities enlarged beyond their original 
bounds by the solution of the walls of the primary cavities. 
2. Cavities made by the complete removal of a mineral: 
(a) If the original mineral was automorphic, the cavity will bear its 
shape. 
(b) If a xenomorphic crystal or mass of crystal grains has been re- 
moved, the shape will be correspondingly irregular. 
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(c) Cavities of either shape may be secondarily enlarged by further 
removal of the surrounding minerals. This process does not 
necessarily produce a form of cavity like that of III 2 (b). 

3. Cavities made by the alteration of a mineral, a group of crystals or a 
glass, and the partial removal, in solution, of the alteration products. 


IV. Residual cavities due to the incomplete filling of a cavity, made in any 
of the above ways, by introduced material or by reorganization products. 


V. Revived cavities due to the partial or complete removal of a filling from 
the cavity which it occupied. If the filling is completely removed, it 
may be impossible to prove that the cavity was ever filled. But even in 
the zone of weathering, empty cavities will be associated with perfect and 
partly corroded fillings, suggesting that all or nearly all the cavities were 
once filled. In a single hand specimen of unweathered vesicular rock one 
often sees primary fillings that are complete, associated with every stage 
of revival of the cavity down to vesicles upon whose walls a mere film 
of introduced mineral remains. 


COMMENTS ON CERTAIN TERMS 


True amygdular fillings are masses of introduced minerals filling pri- 
mary cavities or vesicles in igneous rocks. Any primary cavity may be 
so filled. The name pseudo-amygdule was applied by Pumpelly? to a 
mass of alteration products and introduced minerals formed first by the 
alteration of a primary mineral to secondary products, such as chlorite 
and carbonate, and so rearranged as to simulate a cavity-filling. A 
psuedo-amygdule does not necessarily show that an open cavity ever 
existed there; so that pseudo-amygdules, considered as a class, can not 
Irving simplified the spelling to 
pseud-amygdule, but in this paper the word pseudo-amygdule is used 
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properly be placed under “fillings. 


strictly as Pumpelly used it. 

When an amygdaloid undergoes dynamic metamorphism along with 
the enclosing rock, as for instance when a Keewatin amygdaloidal basalt 
is changed to a chlorite schist, the amygdular fillings may be flattened 
and recrystallized or even destroyed by the redistribution of the filling 
minerals, Such flattened fillings may be called recrystallized fillings. 
The term amygdular augen, coined in analogy with the augen in a true 
metamorphic gneiss, is objectionable, for augen are of at least three 
genetically diverse kinds. The term metamygdule is not a good one, be- 
cause it would connote an analogy with Lawson’s term metacryst or 
metaphenocryst, which is not a metamorphosed crystal, but is a new 
phenocryst developed during metamorphism. 


2 Raphael Pumpelly: Lithology of the Keweenawan system, Geology of Wisconsin, 
vol, 3, 1880, p. 31. 
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The term miarolitic is sometimes used for cavities in contact meta- 
morphic rocks. Thus Barrell,® in considering the order of crystallization 
of contact metamorphic lime-alumina-silicate rocks writes: 


“Garnet is the mineral which oftenest has the power to assume its own 
proper form, and does so in the presence of all other minerals. Augite, while 
molded by garnet, itself molds wollastonite. . . . Calcite is often a secondary 
mineral, and in such cases fills miarolitic cavities or replaces some previous 
mineral, and is naturally in such cases highly allotriomorphic.” 

It would be well to restrict the term miarolitic cavity to cavities formed 
in igneous rocks under the influence of mineralizers and bounded by 
erystals which are generally euhedral and arranged centripetally. Filled 
miarolites properly should have another name than amygdule; they may 
be called miarolitic fillings. 

The amygdules considered in this paper are discussed for the purpose 
of showing the criteria by which some of these types of cavity-filling may 
be recognized. 


AMYGDALOIDAL DIKES OF THE LIUKIANG CoAL FIELD 


According to L. F. Yih and C. C. Liu,* the Liukiang coal-field lies 
38 li (13 miles) north of the seaport of Chinwangtao, in the northern 
part of Chihli province. The succession of rocks is as follows: Upon 
Archeozoic gneisses lie, in ascending order, Cambrian conglomerate, 
sandstone and shale, followed by 800 meters (1,760 feet) of Cambro- 
Ordovician limestone. Upon this rests, with parallel disconformity, 1,000 
meters (2,200 feet) of Carboniferous beds; and above these are igneous 
rocks—andesite, trachyte, and gabbro. The dike rock is a light greenish 
gray, fine-grained porphyry, containing white rod-shaped phenocrysts of 
feldspar up to 2 mm. long. The rock shows obscure flow structure. 
Under the microscope the large feldspars are seen to be composed of basic 
andesine plagioclase, now replaced by carbonate and less paragonite. In 
some places a crystal of feldspar is replaced by a single crystal of car- 
bonate; in others by a coarse mosaic of crystals of carbonate among 
which lie patches of paragonite and remnants of feldspar. Other pheno- 
erysts are seen whose shape suggests pyroxene, now altered to chlorite, 
epidote and a dense whitish leucoxene. Probably the original mineral 
was a titaniferous augite. The groundmass consists of a felt of very 
minute plagioclase needles, arranged in a distinct flow-structure, and 


3 Joseph Barrell: Microscopical petrography of the Elkhorn district. U. S. Geol. 
Survey, 22d Ann. Rept., vol. 2, 1901, p. 548. 

*L. F. Yih and C. C. Liu: The coal-field of Ling-Yung-Hsien, Chihli. Geol. Survey, 
China, Bull. 1, 1919. 
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embedded in a chlorite mass containing numberless minute granules of 
epidote. Silica, carbonate and a little pyrite are introduced minerals. 
Along its contacts with the dikes, the coal is changed to graphitic 
coke which shows prominent columnar structure perpendicular to the 
contact with the dike. Locally the contact is a sharply defined, irregular 
boundary with blunt apophyses of dike invading the coal, but with 
sharper and longer tongues of black, coaly matter invading the dike. 
Near the contact blocks of coal are included in the dike; but isolated 
blocks of the dike are also included in the coal. Some of the sharp veins 
of coaly matter that pierce the dike are 5 mm. thick at the contact, and 
many extend at least 50 mm. into the dike, forming a network of dark 
veinlets. The apophyses of dike rock penetrating the coal are extremely 
irregular and contain many fragments of partly graphitized coal. 


25 ainch 


Ficure 1.—Contact between Dike and Coal, Liukiang 


Slender, sharp veins of coal pierce the dike, and include small xenoliths 
of porphyry. A few of the thin carbonate veins which pierce the coal are 
shown as white lines. 


The carbonaceous veins cutting the dike may be explained by suppos- 
ing that the magma distilled from the bituminous coal carbonaceous 
volatiles that entered the magma as veinlets; but how this was done 
requires consideration. It might be argued that the igneous rock de- 
veloped cooling cracks while still hot enough to allow volatile distillates 
from the coal to enter the cracks as they developed. To test this, I 
measured the widths of the black veins along a part of the contact. In 
the specimens having the best display of veins, the widths aggregated 
24.8 mm. in a contact 155 mm. long; that is, the veins are 16 per cent of 
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the contact of this specimen. Assuming that the amounts of feldspar 
and ferromagnesian minerals were about equal in the original rock 
(actually there is more feldspar), the mean coefficient of cubical expan- 
sion for this rock would be nearly 0.000021. Assuming further a tem- 
perature of 1,300° C. for the magma at the time of its injection (a 
figure almost certainly too high), and that the rock cooled to 0° (which 
it surely failed to reach), then in 155 mm. the total space that could be 
made by simple contraction would amount to 4.32 mm., as against the 
actual 24.8 mm. Among the errors of this calculation is the certainly 
incorrect assumption that the mean coefficient of expansion of the solid 
rock would remain constant through a range of temperature that rises 
above the melting point. But most of the errors are such as to exag- 
gerate the cooling contraction; and yet the calculated maximum contrac- 
tion is only about a sixth of that actually observed. Had the coefficients 
of linear expansion been used in the calculation, the difference between 
estimated and observed cracks would have been even greater. 

Volatile distillates from the coal probably exerted considerable pres- 
sure upon the dike. It matters little that the juices could escape out- 
ward through the coal and overlying rocks; if only the rate of escape 
were slow and the evolution of distillates rapid, the pressure exerted 
upon the dike might be great enough to produce the phenomena. I 
have avoided giving a name to the volatiles, for I do not know what 
volatile would come off from coal when it is distilled under considerable 
pressure of rock-cover at a high temperature ; but I suppose the distillates 
would contain water, carbon oxides and a considerable series of hydro- 
carbons, together with mineral matter carried in solution by some of the 
volatiles, notably by the water. The abundance of black carbon in veins, 
in the groundmass and even in amygdules suggests the breakdown of 
hydrocarbon molecules and of CO or CO,. 

The amygdules are smal] and nearly round, ranging in diameter from 
0.10 to 0.34 mm. Some are joined, opening into one another; some are 
connected in chains by slender quartz veins, which enlarge into pinched, 
lens-shaped vesicles, unlike the round amygdules. Along many of these 
veins black carbon is distributed, now in the vein itself, now in a smother 
of black particles in the groundmass along the course of the vein. I 
tested the possibility that this carbon was merely a smudge on the thin 
section due to grinding, and found that it is structural. 

The filling of the vesicles is quartz and chlorite, the quartz in a few 
large blocky crystals built in from the vesicle-wall, the chlorite filling 
the irregular central space, though in many vesicles the chlorite reaches 
the margin at one or more points; and some vesicles, especially the 
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spindle-shaped ones near the coal contact, are filled wholly with a mosaic 
of irregular quartz grains, save for a narrow border of chlorite which 
grows in about the margin. The simplicity of the structure and coarse- 
ness of the grain of all the fillings are very striking in comparison with 
the small size of the vesicles. All the quartz shows a pronounced wavy 
extinction. In many crystals the extinction-band crosses the crystal, as 


Tow 


FIGURE 2.—Amygdules in the Liukiang Dike 


Thin-section of the margin of the Liukiang dike showing veins and amygdules. Black 
carbonaceous matter not only forms sharply bounded veins but locally commingles with 
the igneous rock. 


the section is rotated between the nicols, in a fan-shaped course; the 
fulcrum of the fan is at the margin of the vesicle, and the free end of 
the moving shadow is toward the center of the vesicle. Therefore I 
do not attribute the wavy extinction to strain, since the quartz grew into 
an open cavity, but to a cryptocrystalline internal structure in the quartz, 
akin to the fibrous structure in some chalcedony, and due to peculiarities 
in the original growth habit of the crystal. Similar extinction bands 
have been noted by Buerger and Maury® in the “colloidal” quartz of a 
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cassiterite vein. Some of the amygdular fillings contain tiny crystals of 
graphite. 

I suggest an interpretation of the several features just considered. 
The alteration of the phenocrysts is not like that which takes place in 
ordinary weathering, but is more like a deep-seated process due to solu- 
tions or volatiles circulating at high temperatures. The smallness and 
the uniform size of the vesicles suggest that they were formed at depth 
and in a viscous magma, for in a more fluid magma or under less pres- 
sure the bubbles could have emptied into one another, making bubbles 
of more diverse sizes. Their generally round and simple shape points 
to slightness of motion in the magma during their formation. Lastly, I 
see several reasons for thinking that the gas which made the vesicles 
was derived from the coal traversed. The presence of vesicles at 
all in this dike suggests a considerable supply of volatiles, yet the dike 
is as fine-grained as a surface flow. The carbon invading the dike, the 
abundant carbon scattered in the groundmass along the veins, the crystal- 
lized carbon in some of the amygdules, all suggest that the gases were 
introduced. The vesicles would belong to subdivision I 1 (b) of the 
classification given above. 

Another specimen from the same mine, though possibly not from the 
same dike, contained smaller amygdules, averaging 0.04 mm., entirely 
filled with chlorite. The rock is similar, but even the smallest feldspars 
are altered to secondary micas; and the larger ones, which are much 
smaller than those in the rock just described, are wholly replaced by 
carbonate. 

In the same coal-field there is a large sil! about 100 meters thick, 
covering many square kilometers. West of Chutsaoying, about 10 kilo- 
meters north of Tahei Shan, the survey map by L. F. Yih and C. C. Liu 
shows the basal contact of the sheet passing from Carboniferous to 
Cambro-Ordovician rocks, so that here, at least, the sheet seems to cut 
across the bedding. One of my students, Mr. Huang Tien-hua, made a 
detailed section through the field at Tahei Shan, and his observations 
confirm those of the Chinese Survey. The rock is an augite-andesite 
porphyry, of rather fine grain for so great a sheet, but it contains no 
primary vesicles. There is no doubt in my mind that the sill and the 
dike came from the same parent magma; they are similar in color and 
texture as well as in composition, except that the sheet contains more 
pyroxene, and that the phenocrysts of the dike are somewhat smaller. 
Mr. Huang reported the dike about 70 feet thick in the mine. The fact 


. Buerger and Jesse L. Maury: Tin ores of Chocaya, Bolivia. Econ. Geol., vol. 
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that vesicles appear in the dike but not in the sill may signify that the 
dike was richer in volatiles—from whatever source—than the sill. This 
fact further suggests that the dike, which cuts the coal, obtained its 
vesicle-making volatiles from the coal, while the sill, remote from the 
coal, formed no vesicles. It may be objected that large sills do not com- 
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FIGURE 3.—Relations of the “Light” and “Dark” Porphyry, Chinwangtao 


Polished section of a core-boring from the coal-field northwest of Chinwangtao. The 
coal (not shown) is cut by the ‘‘dark” porphyry, which in turn invades the “light” 
porphyry. The tenuous veins of the dark rock suggest the extreme fluidity of the 
dark magma. The light-colored rock is much shattered; some of its fragments are 
rounded and embayed, as though partly dissolved, and some are darkened along their 
contacts with the dark porphyry. Under the microscope the two porphyries show 
perfect intermixture along their boundaries. 


monly carry amygdules; but true amygdules are found in a larger in- 
trusive in the Hsi Shan, to be mentioned further on. 


COAL-PENETRATED DIKE NEAR CHINWANGTAO 


I found a magma penetrated by coaly matter in samples sent to 
me by M. F. F. Mathieu from a small coal basin northwest of Chinwang- 
tao, Chihli province. The core showed, in descending order, coal, sandy 
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shale, black coaly shale and a dark porphyry a foot thick, below which 
is a light-gray porphyry. The contact between the black shale and the 
porphyry is similar to that seen in the Liukiang dike. The coal is 
metamorphosed to a semianthracite having characteristic columnar struc- 
ture. Sharp apophyses of coal invade the dike; twisted vein-like shreds 
of black carbon are included in the porphyry, which is distinctly darker 
near the contact and contains finely divided carbon. The dark porphyry 
invades and brecciates the light porphyry below. Both porphyries are 
andesitic and both are much altered. The dark rock contained femic 
crystals, which are wholly altered to a leucoxenic mass; the light rock 
carried hornblende now changed to penninite. No amygdules were seen, 
though absorption of carbon by the dark rock seems to be certain. This 
fact may seem to afford an argument against my judgment that the 
vesicle-making gases in the Liukiang dike were derived from the coal. 
But I think the argument is not conclusive, for if the magma of this 
dike had been more fluid, as its delicately tenuous penetration of the light 
porphyry seems to prove, the gases generated by distillation of the black 
shale may have escaped without making vesicles, which require a viscous 
magma to prevent their collapse. It is quite possible that the “dark 
magma” was rendered more fluid by the volatiles it had absorbed from 
the coal and coaly shales, and that this is why it so readily penetrated the 
“light porphyry.” 


AMYGDALOIDAL DIKES OF THE Linst CoAL FIELD 


Some remarkable dike rocks have been found by Messrs. Dupont 
and Mathieu in the coal mine at Linsi, Chihli. The mine is at the east 
end of the Kaiping basin, a syncline about 20 miles long, striking about 
northeast to southwest and enclosed by Ordovician limestone, whose out- 
crops form the hills along the north border of the basin. Igneous rocks 
have been found only at Linsi. The thickest dike is 1 meter wide. Along 
the contact the coal is altered to a graphitic coke with columnar struc- 
ture, as at Liukiang. Also as at Liukiang, the dike is pierced by sharp 
threads of carbonaceous matter which extend 5 cm. or more into the dike. 
Amvygdular structures are very abundant, and these require some dis- 
cussion. 

Under the microscope the rock is a dark micro-porphyry composed 
chiefly of ferromagnesian minerals. The most abundant mineral is a pale 
greenish-gray augite in long slender plates or rods. Other essential min- 
erals are biotite, in hexagon-shaped plates; nephelite and alteration 
products of nephelite, appearing in the interstices; and feldspar which is 
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wholly altered. Rods of apatite and grains of magnetite are plentifully 
sprinkled between the other minerals, and in countless places the mag- 
netites are arranged in rings about a central mass of green serpentinous 
aggregate made by the alteration of a primary mineral, probably olivine. 
Carbonate also appears in some of these altered phenocrysts, commonly 
in the center; and the serpentine in these phenocrysts commonly forms 
fringes of parallel fibers about their margins. Other such masses are 
seen which have the shape of phenocrysts except on one side, where the 
secondary minerals, bordered always with green serpentinous aggregate, 
branch out into the groundmass in irregular growths while the car- 
bonate appears as a large central bolus made of coarse interlocking 
crystals with well developed cleavage. These appear to be pseudo- 
amygdules. 

The euhedral feldspars are represented by areas of carbonate and 
secondary mica. ‘These areas are pierced by veinlets of green chloritic 
matter which frequently occupies nearly half the space of the former 
phenocryst. Some of the pseudo-amygdules partly replace, and were 
partly derived from altered crystals of feldspar. Altered and partly dis- 
solved crystals of pyroxene and biotite are enclosed in the edges of the 
green pseudo-amygdular mass, and the ghosts of vanished crystals may 
be seen where a slight granularity of texture in the green matter is ar- 
ranged in rod-like shapes. It is indeed difficult, where the shape is not 
diagnostic or the flaky mica is lacking, to tell whether a mass was orig- 
inally a femic or a felsic primary mineral. 

Round, bubble-like amygdules containing the same green fibrous 
aggregate and the white carbonate that are found in the pseudo-amyg- 
dules are also seen; a little late chalcedony replaces part of the earlier 
carbonate. Veins of green chloritic matter connect many of these bodies 
with one another; and veins of carbonate cut and even fault some of the 
amyvgdules and pseudo-amygdules. The green veins swell and pinch 
irregularly, and their walls are not parallel but are crenulated; the 
white veins have smoother walls and show a crustified structure of erys- 
tals meeting in a zigzag center line. I infer that alteration of the pri- 
mary phenocrysts and of the groundmass and their reorganization to 
form pseudo-amygdules, took place at the same time that the primary 
vesicles were filled, and that the same circulating waters accomplished 
both processes. Probably, too, the alteration and filling took place 
immediately after solidification and while the dike was still hot, for only 
so can we account for the vigorous solution of the silicate minerals and 
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Suan AMYGDALOID 


The chief features of the Hsi Shan amygdaloid are its uniform, fine- 
grained texture, with diabasic structure; and the predominance of feld- 
spar, with much less interstitial pyroxene, now wholly altered. Small 
granules of magnetite are fairly abundant. The rock may be classified as 
an amygdaloidal diabasic augite-andesite. According to Dr. W. H. 
Wong ® the diabase is a large intrusive sill “ordinarily intercalated be- 
tween the Permo-Triassic sandstone and the lower Jurassic coal series,” 
rising locally into the coal series. Its average thickness is given as 300 
to 500 meters (980 to 1,600 feet), and even its eroded remnants cover 
large areas, one estimated at 96 square kilometers. These facts make 
the simplicity of composition and uniform, fine-grained texture the 
more remarkable. I saw scarcely any evidence of differentiation and 
no pegmatites, such as the pegmatitic layer near the chilled roof of the 
Palisade sheet in New Jersey—a sheet of diabase of less thickness than 
the Hsi Shan. Doctor Wong reports that “the metamorphic effects of 
the diabase on the sedimentary rock at its contact are but insensible.” 
These facts suggest to my mind a magma poor in the solvent-volatiles, or 
mineralizers, and of a viscosity too high to permit much gravitative 
differentiation. But if these inferences be granted, the presence of 
abundant large amygdules, 2 centimeters and more in diameter, becomes 
a very striking feature. Most of the vesicles are primary, as is shown 
by their round shapes, their smooth outlines, the fact that several cham- 
bers open into one another, and the fact that the feldspar rods of the 
rock are crowded back around the bubbles and lie tangent to them. Some 
amygdules have been enlarged beyond the boundaries of the cavities, 
replacing the rock with carbonate and epidote, and these should be 
classed as secondarily enlarged amygdules, under subdivision IIT, para- 
graph 1 of the classification suggested on page 384. Some of the fillings 
are composed chiefly of quartz and some of epidote, although both min- 
erals may be present; in some amygdules a layer of carbonate rims 
part of the margin. The arrangement of the introduced minerals is 
variable: (1) The amygdule may consist chiefly of carbonate; (2) a 
carbonate margin may be followed by a narrow rim of green, strongly 
pleochroie chlorite, which is not continuous but is broken by radiating 
masses of muscovite, whose ragged star-like periphery pierces the quartz 
crystals—similar radiating groups are isolated in the quartz and their 
slender plates project between as well as into the quartz crystals, which 
form an irregular mosaic showing no comb-structure or centripetal ar- 


6‘. F. Yih: The geology of the Hsi Shan or Western Hills of Peking. Mem. Geol. 
Survey, China, ser. A, no. 1, 1920, pp. 38-42. 
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rangement; (3) the epidote margin ramifies into the groundmass of the 
diabase, straggling among the crystals as irregular veinlets, enlarging 
locally into masses of epidote—“pseudo-amygdules,” in Pumpelly’s 
sense ; within the chamber, quartz and epidote appear in irregular, com- 
plexly interlocking grains ; (4) epidote, quartz and chlorite are irregularly 
distributed within the amygdule, each in restricted. areas; (5) small 
irregular bodies of red hematite, varying from deep brownish red almost 
to scarlet, are found, some as amygdular fillings, some as veinlets, some 
rimming the green and white amygdules along one side; most of them 
ramifying into the surrounding rock, and even including shreds of it. 
The original amygdules have been enlarged by the alteration and solu- 
tion of the surrounding rock. 

Doctor Wong estimates the original thickness of the rock-cover over 
this intrusive at “a few hundreds of meters at most.” He says “the 
diabase is found generally below the Men Tou Kou series (Jurassic), 
only exceptionally in the lower part of the Kiu Lung Shan and never in 
any higher horizon. We may therefore conclude that its intrusion 
must have taken place after the formation of the Men Tou Kou series, 
and during the sedimentation of the upper part of the Kiu Lung Shan 
series.” 7 The Kiulung Shan is Lower Jurassic and includes 700 meters 
of shale, sandstone and conglomerate, above which comes the Tiaochi 
Shan formation, 1,500 meters thick, of surface flows, conglomerates, 
shales and coals. I do not quite follow Doctor Wong’s reasoning that 
had the Upper Jurassic beds been in place, the sheet would have intruded 
them; but I agree that the cover was not very thick above the amyg- 
daloidal sill. If the Kiulung Shan series, or a part of it, was in place 
at the time of the intrusion, the vesicles would have had to expand 
against the downward compression exerted by the weight of the forma- 
tion. The pressure would be of the order of 1,000 pounds per square 
inch for 300 meters of overlying rock, or 2,400 pounds per square inch 
for 700 meters. These considerations suggest that the gases which made 
the vesicles were introduced from outside the magma; for at such depth 
and pressure, magmatic volatiles should have rendered the magma 
more freely fluid and should have promoted differentiation and the 
growth of larger crystals. At such depths and under such pressures, it 
is physically and chemically improbable that volatiles would separate 
from solution in the magma, and expand to produce bubbles, and yet 
leave a rock of uniformally felsitic texture. 

A further suggestion of viscosity is given by what Doctor Wong calls 
the scaly character of the diabase, so that it is “easily confounded with 


Loe. cit., p. 42. 
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sedimentary rocks to the inexperienced eye.” I examined this scaly 
structure near Mentoukou, and suggest that movement in a very vis- 
cous magma may develop strained zones which would not be perceptible 
until the rock had been exposed to weathering. In the Palisade sill of 
New Jersey, there is a pronounced sheeted jointing near the base, in 
the fine-grained chilled zone of the body, suggesting that this zone, 
when viscous, was dragged by the eastward movement of the main mass 
of more liquid magma, and that the strain then initiated caused joints 
to open when the rocks were exposed to weathering. In the Hsi Shan 
the shaly parting appears as much as 100 feet above the contact and is 
very prominently developed. It should imply high viscosity of the 
magma. 
Tuk FLow NEAR NIANGNIANG MIAO 


An interesting association of cavities and fillings was observed in a 
weathered rock from near the temple called Niangniang Miao, near 
Hoshengchou, Chihli province. Dr. F. F. Mathieu did the field work, 
and I am indebted to him for the specimens and for information con- 
cerning the field relations. There is an anticlinal valley, developed upon 
the easily weathered Archeozoic granites and gneisses. Flanking the 
valley are walls of conglomerate, arkose and minor shale members be- 
longing to the Proterozoic Nankou series. The flow lies conformably 
between two arkosic sandstone members and appears on both sides of 
the valley, though different thicknesses intervene between it and the 
basal conglomerate on the two limbs of the anticline. 

The rock is a badly weathered red-brown felsite containing dark green 
amygdules. Under the microscope the feldspars are seen to form a 
felted mass of long slender laths, all Carlsbad twins. Between these 
are angular interstitial patches of a green chlorite, representing an al- 
tered ferromagnesian mineral, and also a large amount of dense clayey 
matter stained dark brownish red with iron-oxide. I suppose that the 
original rock was a trachyte. The amygdules are round and as nearly 
smooth walled as these bodies commonly are—that is, the margins are 
crenulated a little in places where they have slightly bitten into the 
walls. They are filled with a green fibrous delessite, which is in some 
places arranged in countless incomplete spherulitic growths, crowded to- 
gether; in other places the mineral grows inward from the walls of the 
cavity in graceful radiating tufts. 

The groundmass includes also irregular shaped bodies which ramify 
among the feldspars. They contain platy serpentine and a_ fibrous 
chlorite of the deep green color seen in the centers of some of the amyg- 
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dules. Locally quartz appears as a late mineral filling the center of 
the mass. These bodies range in shape from thin triangular wedges, 
molded against the feldspar rods, to larger irregular branching masses. 
Some are connected with each other by irregular veinlets whose sides are 
not at all parallel; and some are connected by similar veinlets with the 
round amygdules. I trace a series of stages between the serpentine 
masses, which certainly represent pyroxene crystals, and the more com- 
plex masses of fibrous serpentine, chlorite and quartz. Here we have 
amygdules and pseudo-amygdules in the same rock, an association which 
Pumpelly and Irving observed in the copper-bearing basalts of Keweenaw 
Point. The ferromagnesian minerals were probably altered when the 
primary vesicles were filled; and both the alteration and the filling were 
due to the same hot-water solution. 

Revived cavities, due to recent weathering, are seen in this rock, and 
every stage can be traced from green fillings containing small irregular 
cavities lined with yellow limonite, to completely restored vesicles whose 
walls are thinly crusted with limonite. Revived cavities are common 


in many weathered amygdaloids. 


OrHer EXAMPLES OF FILLING AND 


Whitman Cross * writing of the petrography of the dike rocks of the 
Apishapa quadrangle says “with few exceptions the dike rocks of the 
Apishapa quadrangle are dark gray or black aphanites . . . a number 
of the specimens are characterized by white grains of analcite, which 
appear like primary phenocrysts but are believed to be the secondary 
filling of small vesicles or irregular cavities. This analcite is commonly 
associated with calcite and chlorite, and in one specimen round pores 
are partly filled with a fibrous zeolite.” Doctor Cross classifies these 
rocks as olivine-bearing augite vyogesite, and, referring to the analcite, 
says, “its frequent association with calcite and chlorite suggests a second- 
ary origin in such rocks, but it seems possibly primary in others.” Under 
the heading “Augite hornblende vogesite” he adds, “analcite occurs in 
rather notable grains, in some specimens being, however, open to the 
suspicion that it is secondary.” As some of these rocks have a glassy 
groundmass and all are very fine grained, they must have cooled quickly. 
The exposures lie in sedimentary rocks ranging from the Dakota sand- 
stone to the Apishapa shale, and are assigned by Doctor Stose to the 
Tertiary, probably post-Eocene. Even if, at the time of intrusion, no 


S Whitman Cross: Petrographic description [of rocks of the Apishapa quadrangle. 
Colo.] in the Apishapa Folio, Colo., by George W. Stose; U. S. Geol. Survey, Geol. 
Atlas Folio, 186, 1912, pp. 9-10. 
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Eocene sediments covered the region and the Upper Cretaceous had 
been no thicker than that now exposed, there would have been more than 
1,200 feet of covering sediments counting up from the base of the Dakota, 
and more than 900 feet counting up from the top of the Greenhorn lime- 
stone. Certainly these figures err in being too small; yet they indicate 
a notable thickness of cover for dikes that have glassy matter and vesi- 
cles. The cover is comparable to that of the Hsi Shan amygdaloid, and 
the cover of the Liukiang and Linsi dikes was probably thicker. If the 
dikes sustained the weight of the overlying sediments, the vesicles must 
have been formed against pressures of from 900 to 5,000 pounds per 
square inch. It is quite possible that volatiles were distilled from the 
surrounding rocks and entered the viscous magma with pressure enough 
to create the bubble cavities. The same volatiles may have taken part in 
depositing the fillings. 

Pseudo-amygdules in lava flows and intrusive rocks have been noted 
by other authors, though the term is not always used. The classical 
example is found in the amygdaloidal basalts of Keweenaw Point, de- 
scribed by Pumpelly and Irving.® Irving says (page 62) : 

“These vesicular upper portions [of the diabase flows] have always under- 
gone great internal changes, both in connection with the deposition of minerals 
in vesicles, and in the formation of pseud-amygdules, or minerals replacing 


primary constituents in such a way as to present macroscopically very much 
the appearance of true vesicular fillings.” 


Pumpelly indicates that pseudo-amygdular alteration took place even 
prior to the filling of true vesicles, and that the two processes are inti- 
mately related. 

Barrell,’ writing of the Marysville district, Montana, says: 


“The dikes . . . are both dark basic intrusives containing solution cavi- 
ties, filled with sky-blue secondary mineral. . . . Of the femic minerals, 
small fragments of still unaltered pyroxene, embedded in a matrix of pale 
green or yellow hydromica, indicate that there has formerly been an abundance 
of clear colorless pyroxene in the rock. In addition there are numerous 
amygdaloids from 2 to 4 mm. in diameter, filling polygonal or rounded cavi- 
ties, showing a geodal lining of calcite succeeded by chalcedony, which has 
completed the filling. No indication of the original matter remains.” 


Barrell has distinguished what appear to be secondary pseudo-amygdules 
from true cavity fillings. Barrell ** writes of the hornblende microdiorite 


®* Raphael Pumpelly: Lithlogy of the Keweenawan system. Geology of Wisconsin, 
vol. IJI, 1880, pp. 27-49. Roland Duer Irving: The copper-bearing rocks of Lake Su- 
perior. U. 8S. Geol. Survey, mon. v, 1883, pp. 87-90. 

10 Joseph Barrell: Geology of the Marysville district. U. S. Geol. Survey Prof. Pap. 
57, 1907, p. 63. 

Loe. cit., p. 46. 
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of Bald Butte. “A few rounded cavities 1 to 2 mm. in diameter now 
filled with hornblende, some feldspar and chlorite may possibly have 
once contained augite.” He gives a photomicrograph (Plate IV) show- 
ing one of these bodies, which looks like a pseudo-amygdule. 

The “geodal” character of the filling does not of itself prove that an 
open cavity once existed, as Pumpelly shows that the secondary products 
in pseudo-amygdules are quite commonly arranged in concentric, parallel 
bands. Irving ?? quotes him in part: 


“Very often one of these bodies has a large central area filled with closely- 
packed spheres, surrounded by fragments of a once continuous band with 
eross-fibrous structure, which evidently once formed the outer limit. Out- 
side of these fragments is an outer chloritic area, resembling that in the cen- 
ter, and generally bordered on its outer limits by a narrow cross-fibrous band 
which adapts itself closely to the primary constituents. The greater number 
of these bodies seem to have resulted from a gradual change of the primary 
minerals into chlorite by progress from molecule to molecule. At first glance, 
the structure does not seem to confirm this view, for the narrow outer band 
inclosing a large central filling seems to suggest either, 1st, a pre-existing 
eavity, on the walls of which the thin outer layer was deposited, as the older 
member, and within this the central filling as the younger, or 2nd, the replace- 
ment by chlorite of a former secondary mineral, which was attacked at the 
same time around its circumference, producing the outer band (shell), and 
throughout the interior. Amygdules resulting from both these processes are 
abundant in the amygdaloids proper; but they betray their origin in a marked 
manner, and differ essentially from these pseudo-amygdules. Whatever the 
chemical nature of the process resulting in these pseudomorphs, the central 
area is the oldest member, while the outer band is the younger.” 


Rogers ** describes a rock in the Headquarters Mountains, at the ex- 
treme western border of the Wichita Range, Green County, Oklahoma, 
as follows: 

“A short distance east by northeast of Mt. Walsh a fine-grained, black basic 
dike about 414 feet wide occurs. It has an east-west strike and almost verti- 
eal dip. The rock is exposed in a prospect shaft and is much altered. It 
consists of lath-shaped plagioclase, amygdules filled with a chlorite-like sub- 
stance (representing original ferromagnesian mineral) and abundant mag- 
netite. The rock has the typical ophitic structure, and so is a diabase.” 


Here again, the filling is regarded by Professor Rogers as secondary, 
and is a pseudo-amygdule in Pumpelly’s sense. 


Loe. cit., p. 65. 
133 Austin F. Rogers: Aegirite and riebeckite rocks from Oklahoma. Jour. Geol. 15, 
1907, pp. 283-287. 
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Blackwelder,"* writing in 1907, suggested the possible presence of 
pseudo-amygdules in “an altered basalt, Rock No. 43 . . . an in- 
trusive in the Man-t’o shales (Lower Cambrian) near Lau Kia p’u,” in 
western Shantung. He writes: 

“Decomposition products, such as calcite and fibrous greenish and yellowish 
minerals contribute largely to the formation of this groundmass. The larger 
bodies in the rock are of variable size, and, regardless of the question as to 
whether they are phenocrysts or amygdules, they now consist almost entirely 
of calcite, with in some cases a fibrous chloritic substance and chalcedony. 
The majority of these bodies are more or less round or irregular in outline, 
but others have fairly definite crystal forms which are identical with those 
of feldspars. These crystals were probably placioclases which have been re- 
placed by calcite. . . . Throughout the rock there is an abundance of cal- 
cite in formless plates and clusters. It is doubtless a result of weathering of 
the feldspars and pyroxenes of the original basalt.” 

I agree with Doctor Blackwelder that the changes cited result from 
katamorphic processes in the rock, and undoubtedly weathering has taken 
place; but the replacement of feldspar phenocrysts by calcite, chloritie 
substances and chalcedony, suggests the action of more deep-seated solu- 
tions, of higher temperatures than those of ordinary weathering. Here, 
too, the bodies are probably pseudo-amygdules. 

Fenner * has described alteration on a far larger scale than that in- 
volved in the making of pseudo-amygdular bodies. He says in his 
summary 7°: 

“It is believed that the basal sheet represents a surface flow of lava poured 
out over a continental area which had been depressed by crustal movements 
of deformation (either warping or faulting) and in whose lower lying por- 
tions a lake or series of lakes occupied shallow basins. The pahoehoe struc- 
ture of the basalt is believed to have been developed over or immediately 
adjacent to the lake beds through quicker cooling of the flow.” 

He thinks the alterations were brought about by meteoric waters in- 
troduced into the lava immediately after its extrusion, and that the 
succession of minerals accompanied the falling temperature of the cir- 
culating waters as the lava cooled. He describes a remarkable succession 
of secondary minerals beginning with the high temperature types— 
albite, garnet, amphiboles, specularite, sulphides and quartz—which 
were later largely destroyed as the temperature of the circulating waters 
continued to fall; prehnite, pectolite, datolite were succeeded by a series 


4 Bailey Willis, Charles D. Walcott, Eliot Blackwelder, R. H. Sargent and others: 
Research in China. Carnegie Inst. Pub. no. 54, vol. 1, 1907, p. 394. 

%C, N. Fenner: The Watchung basalt and the paragenesis of its zeolites and other 
secondary minerals. Ann. N. Y. Acad. Sci., vol. 20, no. 2, pt. 2, 1910, pp. 93-187. 

16 Loc. cit., p. 185. 
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of zeolites, and the latest minerals were calcite and gypsum. His studies 
clearly demonstrate one method in which pseudo-amygdules, and true 
amygdular fillings may be formed, though it is clear than in intrusive 
rocks the volatiles must be other than meteoric waters. 


FILLINGS IN THE NORITES OF TsSINANFU 

In western Shantung, northwest of Tsinanfu, about a dozen small 
cone-shaped hills rise above the alluvium of the Great Delta, like islands 
above the sea. The hill most easily reached is crowned with a temple 
and is called Piao Shan. From the summit one sees that the knobs 
lie within a somewhat elliptical area, 6 or 8 miles wide. Piao Shan 
was visited by Von Richthofen, who called the rock diorite. A fuller 
description is given by Willis and Blackwelder +’, and Blackwelder gives 
a petrographic description of the rock which my own studies confirm. In 
1922 when Professor Barbour '§ became interested in the Tsinan area, I 
turned over to him my notes, specimens and thin-sections. He has since 
published a paper on the area. 

The rock is a hypersthene norite invading an Ordovician limestone. 
It has uniform, evenly granitoid texture throughout its extent except 
at one locality, where a zone of coarse pegmatite surrounds a mass of 
garnet-pyroxene-mica-calcite rock, which we have interpreted as a xeno- 
lith of the Ordovician limestone. Miarolitic cavities are found in the 
pegmatite, and cavities bordered by euhedral inward-pointing crystals 
are seen in the carbonate rock. The problem of the origin of the cavities 
alone concerns us here. 

In the top of one of the norite hills there is a mass of coarse-grained 
rock whose weathered outcrop measures about 150 by 100 feet. The 
margin of the area is a true pegmatite which surrounds a core of contact- 
metamorphic minerals. The pegmatite consists of light gray crystals of 
andesine, 10 to 20 mm. long, in and between which are long black 
erystals of pyroxene. Next in abundance is titanite in dark yellow 
crystals as much as 4 mm. long. Accessory minerals include: apatite, 
magnetite, chalcopyrite and a little biotite which borders some of the 
pyroxenes. There are small interstitial spaces between the feldspars. A 
dark lining marks the original boundary of each cavity, but projecting 
into it from the margin is a druse of long, slender rods of a mineral 
which Barbour identifies as andalusite. Outside of the drusy cavity the 
same mineral is seen in more massive crystals, some of which are in 


17 Loc. cit., p. 47. 
18 George B. Barbour: The Tsinan intrusive. Bull. Geol. Soc., China, vol. 2, no. 1-2, 


1923, pp. 35-78. 
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optical continuity with the comb crystals of the druse, despite the dense 
margin line that separates them. The larger crystals form a zone 0.1 
to 0.2 mm. wide about the cavity, and on the outer margin they dovetail 
into the feldspars, fitting themselves in long, delicate fibre-like proc- 
esses into the feldspars parallel to the multiple twinning. The andalu- 
site (?) is the latest mineral of the magma and was formed under 
pneumatolytic conditions. Probably its formation was not continuous, 


FiGcurE 4,—Filled miarolitic Cavity in Pegmatite near Tsinanfu 


Thin-section of filled miarolitic cavity in the norite of Tsinanfu. Two successive 
growths of a rod-like mineral are shown, alternating with a black dense mineral 
(pyrolusite?). The center is quartz. 


but was interrupted by periods of balanced equilibrium between the solu- 
tion phase and the crystals. Such interruptions are shown by several 
boundary lines, one of which marks a considerable halt in the growth of 
the crystals, and possibly a partial reabsorption. The center of one 
such cavity is filled with fibrous silica arranged in tufted, centripetal 
growth, and fitted in among the rod-shaped crystals. The cavities are 
apparently true miarolites, filled later with silica. Other interstitial 
spaces are filled with white, fibrous albite of radiating, spherulitic growth, 
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which to the naked eye looks like pectolite. Some of these interstitial 
spaces are 4 mm. long. The feldspars bounding them are perfectly 
euhedral against the albite mass but are not geodally arranged. 

The cavities in the partly replaced xenolith were found only in the 
weathered zone, and are due to removal of the soluble calcite; but the 
centripetally arranged silicates that project into the calcite mass suggest 
two alternative explanations. If the limestone had been dissolved in the 
magma, forming a syntectic, the interstitial calcite would have -been the 
last to crystallize ; but if the limestone was never dissolved, the carbonate 
is residual and is the oldest mineral in the rock. It has been thoroughly 
recrystallized, so that all trace of the finely granular structure of the 
original rock has been lost, and the carbonate has slowly attained its 
present coarsely crystalline form under the influence of heat, pressure 
and magmatic volatiles. The centripetal crystals have merely replaced 
the calcite, and the rock contained no cavity until it was exposed to 
weathering. 

The structural relations of the mass convinced Barbour and me that 
the explanation just given is correct. The cavities can be classified only 
after the nature of the rock itself has been determined. It is necessary 
to know whether the rock should be called igneous or syntectic, and 
whether the carbonate was an introduced cavity-filler or an unreplaced 
residuum whose removal by weathering made the cavities. This dis- 
cussion bears in turn upon the true pegmatite of the border and upon 
the filled cavities found in it. I suggest the possibility that the solvent 
volatiles of this pegmatite were derived partly or wholly from the en- 
closed block of limestone because of the paucity of pegmatite in the 
norite mass and because of the close relation of the pegmatite to the 
pyroxene-garnet-carbonate rock. If these ideas be admissible, the miaro- 
litic cavities in the pegmatite would come under class I 6 (b) of the 
proposed classification. 


AMYGDALOIDAL DIKE IN GASPE 


Prof. William A. Parks of the University of Toronto has very kindly 
written the following note upon an amygdaloidal dike which he has 
studied : 


“In the ‘Report of Progress of the Geological Survey of Canada to 1863,’ 
page 402, Sir Wm. Logan describes a dyke of ‘greenstone’ at Tar Point, Gaspé, 
as follows: ‘This dyke has a breadth of 10 or 12 yards. Its color is dark 
grey, weathering to a rusty red, and abounds in large and small druses ; which, 
as well as the joints, are often lined with chalcedony ; sometimes, in the case 
of the druses, presenting botryoidal surfaces, and at others, incrusted with 
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crystals of quartz and calcite. These cavities. as well as others which are 
not thus lined with chalcedony, are filled with petroleum; this, in some cases, 
has hardened to the consistency of pitch. 

“The dyke cuts the upper part of the Grande Gréve limestone and the lower 
part of the Gaspé sandstone, It is a fairly coarse diabase in which amyda- 
loidal cavities would not be expected. Petroleum occurs in joints and fissures 
of the limestone as well as in the dyke. It has been thought that subsequent 
infiltration would account for both occurrences: it is possible, however, that 
the cavities in the dyke are due to the absorption by the magma of hydro- 
‘arbons derived from the neighboring petroliferous rocks.” 


CONCLUSIONS 


A successful classification of cavities and fillings must be based on 
a complete history of the rock, including the size and type of the 
igneous body; the quality of the rocks traversed by the magma, and their 
capacity to deliver volatiles and dissolved minerals to the magma; the 
depth of cover over the intrusive body, and the probable pressure that 
it could exert, remembering that tensional earth-movements may open a 
dike chamber so as to counteract the pressure of overlying rocks; the 
nature of the cavity itself, remembering that a given cavity may be in 
part primary, in part secondary; the sources of the filling minerals, and 
the manner of their emplacement. In choosing criteria the need for 
quantitative data is urged. The volatiles of many intrusive magmas are 
derived in part from the rocks which the magma invades. The derived 
volatiles may either become dissolved in the magma, or they may merely 
inflate cavities, and aid in altering the primary minerals, in redistribut- 
ing the alteration products, and in introducing mineral matter from 
without. 
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DEFINITION OF PEAT 


Soper and Osbon ? define peat as “the partly carbonized organic resid- 
uum produced by an arrest in the decomposition of roots, trunks of trees, 
twigs, seeds, shrubs, mosses, and other vegetation covered or saturated 


with water.” 
They add: 


“It contains a large proportion of the carbon of the original vegetable mat- 
ter, and its vegetal structure is generally visible without the microscope. It 
is usually acidic, and it contains much less inorganic than organic matter. 
In fact, some pure peats contain less than 4 per cent of inorganic material.” 


Peat will ignite and burn freely when dry. 
Waksman * summarizes a long series of researches on peat and defines 


it as follows: 


“Peat is a layer of the earth’s crust consisting largely of organic matter, 
which has originated as a result of incomplete and partial disintegration of 
the various constituents of the natural plant materials due to the anaerobic 
processes under which plant decomposition has taken place; the nature of the 
peat depends upon the plant association which has given rise to it and the 
latter is controlled by the amount of mineral nutrients and reaction of the 
waters in which the plants were growing; chemically the composition of peat 
is influenced by the nature of the plant associations from which it has origi- 
nated, the moisture relations during and following the periods of its forma- 
tion and accumulation, and the microorganisms active in the decomposition 


process,” 


Waksman discusses the relation between the chemical composition of 
peat and the composition of the plants forming the peat, the influence of 
environment in transforming the cellulose, hemicellulose, lignin, and 
protein of the original plants into peat and in determining the resulting 
types of peat, the activities of microflora in plant transformation into 
peat both in an aerobic and anaerobic environment, and the subsequent 
changes in peat by anaerobic microorganisms in the bog. He concludes: 


“The fundamental factors which influence the origin and nature of peat 
are predominantly functions of climate and of soil and water relations. They 
influence the formation of a typical vegetation as well as the mechanism of 
its decomposition. These factors also modify the processes of peat formation, 
as well as the nature of the particular type of peat produced under a given 
set of conditions. Peat will be formed on land which is poorly drained, and 
where water may collect and stand permanently. Peat-forming plants will 


2E. K. Soper, and C. C. Osbon: The occurrence and uses of peat in the United States. 
U. S. Geol. Survey Bull. 728, 1922, p. 4. 

3Selman A. Waksman: Chemical composition of peat and the réle of microorganisms 
in its formation. Am. Jour. Sci., 5th ser., vol. 19. no. 109 (Jan., 1930), pp. 50-51. 
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find these conditions favorable for their development, especially when the 
high humidity of the air prevents evaporation and the temperature is low. 
Under these conditions, the decomposition processes will be very slow and the 
partly decomposed plant residues will give rise to peat.” 


The cellulose, hemicellulose, lignin and protein composing plants are 
rather inert substances, yet after a plant stops growing they gradually 
disintegrate and vanish, decomposing into simpler materials. Their dis- 
appearance may be caused by (a) arfaerobic organisms, (Db) aerobic or- 
ganisms, (c) denitrifying bacteria, and (d) molds.‘ - The character of 
the vegetation has little apparent effect on the activity of the decompos- 
ing organisms; mosses, fungi, ferns, plant roots, leaves, stems, trunks of 
fallen trees, seeds, spores, etc., alike gradually disintegrate and vanish. 
The process of decomposition may proceed rapidly, as in a septic tank, 
a manure heap, or an open-textured soil; or it may proceed with in- 
creasing slowness, as in water to which acid is constantly added, 
until the change in the anaerobic environment is scarcely apparent. 


CONDITIONS FAVORABLE TO THE ACCUMULATION OF PEAT 


GENERAL STATEMENT 


The rate of accumulation, thickness, and purity of a peat deposit 
depend on (1) the rapidity, luxuriance, and kind of plant growth; (2) 
the topography; (3) the climate; and (4) the character of the swamp 
water. 

RAPIDITY OF PLANT GROWTH 

The chief ecological factors to which plants must adapt themselves to 
survive and increase are water, heat, light, soil, wind, and plants or 
animals. These factors vary from time to time and from place to place, 
but their combination has been favorable to the growth of plants since 
early geologic time and to the formation of peat since late Devonian 
time. Plant life now thrives over wide areas in tropical and temperate 
regions, and with the advent of long hours of warm sunshine attains an 
almost tropical luxuriance in high latitudes at some places, as, for in- 
stance, on the Upper Yukon, in central Alaska. Peat therefore accumu- 
lates in all climatic zones. Waksman, in the article cited above, dis- 
cusses the correlation of types of peat with the associations of plants that 
form different types of peat deposits. 


TOPOGRAPHIC FACTORS 


Classified according to topography there are three general types of 
peat deposits: (1) The filled basin, in which peat accumulates in a 


4C. E. Marshall: Microbiology, 2nd edition, Philadelphia, 1919, pp. 167, 277, 315. 
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marsh, pond, or lake; (2) the built-up bog, in which peat forms on a 
flat or gently sloping moist area not covered with water; and (3) the 
composite type, in which peat is built up on a flat surface composed of 
peat that has already filled a basin—a combination of types 1 and 2.° 

Topographic conditions favorable to the formation of peat are found 
from the equator far into the polar regions; and conditions favorable 
to the accumulation of peat have probably existed ever since remote 
geologic time. The ancient peat deposits now preserved in the beds of 
coal of various rank belong to type 1. They were accumulated in 
basins of fresh water, for, according to White,® typical coal-forming 
vegetation did not and could not live in salt or brackish water, and peat 
of ordinary woody type and of commercial purity and of great hori- 
zontal extent is not now accumulating in brackish or salt water in any 
part of the world. Peat has doubtless accumulated in built-up bogs and 
as the composite type during geologic time, but the topographic en- 
vironment has been unfavorable to its preservation. 


CLIMATIC CONDITIONS 


The climatic conditions most favorable to the formation of large de- 
posits of peat are abundant and well-distributed rainfall, high humidity, 
low evaporation, and a cool or moderate temperature.” These conditions 
are found in all climatic zones. 

The rainfall need not be great. The most extensive accumulations of 
peat in the United States are in northern Michigan, Wisconsin, and 
Minnesota, where the annual precipitation is only 20 to 30 inches. Peat 
is found also in eastern North Dakota and South Dakota, where the 
annual precipitation is 20 to 25 inches. Extensive areas of peat are 
found along the lower courses of Sacramento and San Joaquin rivers, in 
the valley of California, where the annual precipitation is only 15 to 20 
inches.* Nor does excessively high precipitation in any area indicate 
that peat will probably be formed there. In many areas in tropical and 
temperate regions the annual precipitation is more than 50 inches and 
is well distributed through the year, yet the peat deposits in such areas 
are small or are unknown. 

High humidity is favorable to the growth of plants. In general, re- 
gions of large and well-distributed rainfall, such as the eastern United 
States, are regions of high humidity. Humidity is controlled in part 


5 E. K. Soper and C. C. Osbon: Op. cit., p. &. 

David White: Environmental conditiofs of deposition of coal. Am. Inst. Min. and 
Met. Eng. Trans., vol LXXI, 1925, p. 8. 

7E. K. Soper and C. C. Osbon: Op. cit., p. 6. 

SE. K. Soper and C. C. Osbon: Op. cit., Pl. I. 
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by temperature. High humidity is more easily attained and maintained 
at a low temperature than at a high temperature. Thus, high humidity 
is more easily maintained in the Saint Lawrence region than in the 
southern part of the United States. In southwestern Arizona, a desert, 
there is more moisture in the air in midsummer than in the region around 
the Great Lakes. In Arizona, however, the high summer temperature 
and the consequent large capacity of the air for holding water vapor pro- 
duce a low relative humidity; the air is dry. In the Great Lakes region, 
on the other hand, where the temperature is lower, the relative humidity 
is much higher than in Arizona; the air is relatively moist.® 

Evaporation has an evident relation to vegetation. Loss of soil mois- 
ture by evaporation may be adverse to the growth of plants. Active 
evaporation rapidly lowers the water level of swamps, leading to desic- 
cation and decay. The evaporation from a body of fresh water is di- 
rectly proportional to the dryness of the air, the velocity of the wind, 
the area of water surface, and the temperature of the water, and is in- 
versely proportional to the barometric pressure.'° 

Temperature may control the formation of peat. A low temperature 
favors the accumulation of peat by reducing bacterial action and chemi- 
cal decay and by preventing rapid evaporation, as well as by favoring 
high humidity. Low temperature therefore decreases the need of high 
precipitation for plant growth and for the maintenance of water cover 
in basins where peat is accumulating. 

Owing to the rapidity of bacterial and chemical action in a warm, 
humid region peat accumulates slowly there and its mineral content— 
chiefly sediment—is large. In a tropical region, because of the high 
temperature, the humidity, even with heavy precipitation, is likely to be 
low and the evaporation high; thick tropical peat deposits normally 
represent long periods during which precipitation was constant and 
high.” 


CHARACTER OF SWAMP WATERS 


The chemical composition of swamp water may affect the rate of 
accumulation and thickness of peat deposits. The humic matter of soils 
is rapidly decomposed by mold and bacteria, which transform the cellu- 
lose and other constituents of plants into acids, which in turn are carried 
downward by rainwater until decomposition is completed. On the other 
hand, an aqueous environment prevents the development of molds, and 
a sluggish circulation fails to reduce the acid content of the water, which 


*R. DeC. Ward: The climates of the United States, New York, 1925, p. 278. 
wW. J. Humphreys: Physics of the Air, 2nd ed., New York, 1929, pp. 239-247, 
1E. K. Soper and C. C. Osbon: Op. cit., p. 6. 
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consequently increases as bacterial action progresses until the acidity 
almost entirely terminates decomposition by destroying the bacteria. The 
peat formed may then be reduced in volume by subaerial decay due to 
the lowering of the water surface by an increase in evaporation following 
a decrease in humidity or by a decrease in precipitation, the composition 
of the swamp water not being changed; or an increase in precipitation 
may be inimical to the accumulation of peat, for it freshens the swamp 
water and permits the resumption of bacterial action. 

Water flowing into a basin where peat is forming may affect the rate 
of its accumulation. Water containing much lime or other alkalies will 
neutralize the humic acids of the swamp waters and permit bacteria to 
continue effective action and so may prevent the rapid accumulation of 
peat, or may even prevent its formation, although other factors are 
favorable to its accumulation. The high temperature and humidity that 
prevail over large areas in the tropics favor rock decay and the formation 
of large quantities of dissolved rock matter. Consequently in large 
tropical areas that are underlain with limestone, dolomite, and igneous 
rock the soil and river waters are alkaline and peat deposits are absent 
or small. De Leeuw ** attributes the absence of peat in Java to this cause. 
Water free from lime and other alkalies—“soft” water drained from 
areas of siliceous rocks like sandstone and quartzite—that flows into 
swampy areas is favorable to the development of peat. De Leeuw cites 
this fact to explain the presence of extensive tracts of peat in eastern 
Sumatra and in tropical highlands. 


RATE OF FORMATION OF PEAT 


The rate of the formation of peat is widely variable from year to year 
in the same bog, as well as from place to place. In general, peat accumu- 
lates most slowly in tropical regions and most rapidly in cold temperate 
and polar regions. Ashley has decided that under the most favorable 
conditions 1 foot of peat may form in 5 years, and that a fair average 
maximum ** is 1 foot in 10 years. Peat becomes compressed in time, and 
perhaps 1 foot in a century is a fair average rate for the formation of old, 
compressed peat. 

Soper and Osbon,’* who recently reinvestigated this question, using 
the peat deposits of the Great Lakes region for their computations, have 
concluded that the average rate of accumulation per century is from 0.72 


12 H. De Leeuw: Sumatra, economic and geographic. Geog. Soc. Philadelphia Bull., 
vol. 28, no. 1, 1930, pp. 27-28. 

13 George H. Ashley: The maximum rate of the deposition of coal. Econ. Geology, vol. 
2, 1907, pp. 34-37. 
4 E. K. Soper and C. C. Osbon: Op. cit., pp. 12-13. 
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to 2.16 inches. This rate is much lower than that given by earlier esti- 
mates, but it is based on observations made in a region where the condi- 
tions are favorable to the rapid accumulation of peat. 


DISTRIBUTION OF PEAT DrEPosITS 
GENERAL STATEMENT 


Although peat deposits have been formed in all climatic zones, the 
largest deposits are found in cool, temperate regions of moderate rainfall 
and high humidity. 


TROPICAL REGIONS 


The climate in tropical regions is adverse both to the rapid formation 
of peat and to the formation of peat of the high purity represented by 
many of the coal beds of the leading coal-forming periods. The prevalent 
conception, however, is that the climate of Pennsylvanian time and of 
other coal-forming periods, when peat accumulated in large beds, was 
tropical or subtropical and very humid. It therefore seems desirable to 
consider the contemporary accumulation of peat in the tropics. 

Potonié ** describes a swamp in Sumatra that covers about 312 square 
miles. The peat deposit, a mixture of logs and plant débris, is nearly 30 
feet thick and is covered with stagnant, tea-colored antiseptic water, 
which preserves the plant remains that fall into it. The dried peat con- 
tains 6.39 per cent of ash. This deposit, if converted into bituminous 
coal, would form a bed nearly 3 feet thick. De Leeuw ** mentions sev- 
eral areas of peat land in eastern Sumatra. 

Tropical peat deposits are found also in Ceylon, in Kibirizi, on Lake 
Tanganyika, on the Kongo, in British Guiana, and along the Amazon.** 
Powers '* mentions beds of lignite 2 to 3 feet thick in valleys of streams 
entering Lake Izabal, Guatemala. The lignite was black and was only 
slightly consolidated. These accumulations are widely separated and 
are insignificant in area when compared with the vast areas of peat de- 
posits in cool, temperate regions. 

In order to obtain additional information concerning tropical peat 
deposits the writer addressed letters to several geologists of wide experi- 
ence in the tropics. With the permission of the writers parts of the 
replies received are given here. 


4H, Potonié: Die Entstehung der Steinkohle und der Kaustobiolithe tiberhaupt, 5th 
ed., 1910, pp. 152-160. 

16H. De Leeuw: Op. cit., p. 28. 

17 Theory of continental drift, Tulsa, 1928, p. 59. 

18 Sidney Powers: Jour. of Geology, vol. 26, 1918, p. 520. 
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Mr. Wallace Pratt, who spent several years in the Philippines, writes 
from Houston, Texas, June 13, 1929, as follows: 


“Your inquiry of June 11th, relative to my observation on the formation of 
peat during my sojourn in the Philippines years ago, is before me. 

“It may be surprising to you, but I have searched my mind, and reviewed 
briefly some of my notes without being able to recall any evidence of the 
extensive formation of peat in the Philippine Islands. 

“Lowlands in the Philippines are usually subject to overflow by marine or 
brackish water and are almost invariably covered by impassable jungle of 
mangrove (pagatpat) or salt-water palm bush (nipa). In spite of many 
square miles of recently elevated lowlands, I have never seen a peat deposit 
in the Philippines. I have seen extensive accumulations of partly carbonized 
wood, and it is a Common occurrence to encounter logs, sometimes almost un- 
changed, sometimes partly carbonized, sometimes silicified, in drilling for 
artesian water. Hundreds of wells have been drilled through the recent 
deyosits there in search of water, and I have examined thousands of samples 
of drill cuttings from such wells. I can not recall any peat in these samples. 
Of course, volcanic ash, tuff, together with coral reefs, make up a very large 
portion of the post-Miocene section in the Philippines, and the recent forma- 
tions are, in large part, either raised coral reefs or tuff beds. Perhaps neither 
of these materials lends itself to peat accumulation.” 


Mr. F. G. Clapp, who has traveled extensively in tropical regions, writes 
from Paris, France, on July 6, 1929, as follows: 


“In response to your letter of June 19th I must acknowledge that I have 
never seen peat deposits in the tropics, either in the western or eastern hemi- 
sphere or in the Pacific islands. The great peat deposits that I have seen are 
all in cold or temperate regions; yet I doubt if this has a definite bearing on 
the climate of the Paleozoic, for the types of vegetation were so different. I 
have seen great tree ferns in southern New Zealand, where the climate is very 
humid and rainy. I have seen none of these in northwest Australia, where 
the climate is dry.” 


Mr. W. Z. Miller of Tulsa, Oklahoma, writes, April 4, 1929, as follows: 


“Relative to your question as to the importance of peat bogs or deposits in 
tropical regions: 

“T regret that I can give you very little information on the subject. No 
peat deposits came under my observation, although considerable time was 
spent in low-lying regions where such might be expected. If dense vegetation 
and excessive rainfall are the primary requisites for peat formation, certainly 
the tropics offer every advantage. However, it might be pertinent to note 
that in my experience it is in the north country rather than the tropics where 
are encountered, more commonly, peat-bog conditions. The ‘muskegg’ of 
Canada, boggy, swampy stretches lying in undrained zones and adjacent to 
the heads of streams, seems to be more closely allied to peat bogs than any- 
thing I have observed in the tropics. 

“And the peat bogs of Ireland certainly can not be accused of coming under 
In the ‘muskegg’ zone it does not seem a matter of heavy 


tropical conditions. 
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vegetation so much as the kind of vegetation. Moss commonly is the prime 
constituent of the ‘muskegg’—that and water. This zone can usually be 
traveled by a man on foot if he is watchful, but a horse will frequently break 
through; and a 10-foot sapling can be readily inserted to the end without 
hitting any very solid material. The whole mass is springy and one can often 
shake the surface over considerable area. The vegetation of the tropics, on 
the other hand, seems to run more to brush and vines rather than to the more 
compact, fibrous type characteristic of the mosses. Decomposition seemingly 
is much more rapid, and the mass of matter here seems to be above rather 
than in the swamp. I don’t recall a single case where one can make his way 
over the bog in the manner possible in the north. 

“In so far as my limited experience goes, it seems questionable if the pres- 
ence of peat may be considered as a very reliable index indicating probable 
tropical conditions. If anything, I would say, offhand, the cooler climes ap- 
pear to have the edge. Whether it is a matter of delayed decomposition, or 
conditions more favorable to the production of rooty, fibrous plants as op- 
posed to the more leafy type I can not say. If solely a matter of rank growth, 
then of course the tropics offer the best chances.” 


Mr. W. D. Miller of Caracas, Venezuela, writes, May 20, 1929, as fol- 
lows: 

“In regard to your question relating to my opinion of the most favorable 
conditions for peat accumulation, | must confess that I doubt if my experience 
in the tropics has given any proof one way or the other. On the other hand, 
and this may be but a coincidence, but the fact of the matter is that I have 
seldom seen peat deposits being formed on any great scale even in the swampiest 
and lowest of the tropical regions that I have worked in, and this included the 
lower Sinu, Atrato, and Magdelena of Colombia and the tributaries and main 
stream itself of the Orinoco system in Venezuela. 

“The Venezuelan section does not contain much coal; in reality, surprisingly 
little; the Colombian stratigraphic column somewhat more. 

“Along the Chagres River in Panama are local deposits of peat of not any 
great thickness, possibly 2 feet in all. The island of Dominica, in the eastern 
Caribbean, contains but little peat and the rainfall there averages 5 feet a year. 

“Consequently, if paucity of present-day deposits means anything, it would 
seem that in so far as my experience is concerned, the record would seem 
to strengthen your opinion.” 

TEMPERATE REGIONS 

The largest areas of peat in the United States are in the Great Lakes 
region, the upper Mississippi Valley, New England, and the North At- 
lantic States, a region of ample plant cover, of numerous shallow depres- 
sions due to recent glaciation, and of cold, humid climate and moderate 
rainfall. Nearly five-sixths of the total quantity of peat in the United 
States is found in this region. The Atlantic coastal region includes peat 
deposits equivalent to about one-fifth of the estimated quantity in the 
United States. The Gulf Coast west of Florida and the Pacific Coast 
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have small resources of peat. The general distribution of the deposits, 
according to Soper and Osbon,’® is as follows: 
Distribution of the Peat Deposits of the United States 


Short-tons 
Northern region (including Minnesota, Wisconsin, Michigan, Iowa, 
Illinois, Indiana, Ohio, Pennsylvania, New York, New Jersey, 
Maine, New Hampshire, Vermont, Massachusetts, Connecticut, 
Atlantic coastal region: 
Delaware, Maryland, South Carolina, and Georgia............ 2,000,000 
Pacifie States (including California, Oregon, and Washington). . 73,000,000 


The southern part of the United States, lying in a warm temperate 
zone, possesses comparatively little peat, although the topography is dis- 
tinctly favorable to its accumulation. Essentially all the peat of this 
region is found in Florida, where broad stretches of lowland and numerous 
shallow depressions favor its accumulation; but even here much of the 
peat contains too much ash to form coals comparable with most of the 
coals of the Appalachian coal fields. Soper and Osbon conclude that 
peat deposits are distributed over most of Florida, which, they believe, 
probably contains more peat than any other state except Minnesota or 
Wisconsin. They estimate that Florida will yield 2,000,000,000 short 
tons of air-dried peat, which compares favorably with peat from any 
other part of the country, and is equal to the best peat of the Great 
Lakes region, having high calorific value and low ash content. The large 
deposits in Florida probably represent the most extensive accumulations 
of peat in a warm temperate zone. 

Peat of fresh and salt-water origin is found in the marshes and swamps 
of eastern South Carolina and Georgia. The deposits are small and shal- 
low and contain a large proportion of inorganic matter. 

Peat occurs also in a narrow belt along the coast of Alabama, Missis- 
sippi, Louisiana, and Texas, but little is known regarding its extent and 
purity. According to Soper and Osbon * there are few commercially 
valuable deposits of peat in the lower Mississippian Valley, “perhaps be- 
cause of the high temperature and the vast amount of alluvium carried 
by the Mississippi and its tributaries and deposited from time to time 
on its flood plain.” 


1° E. K. Soper and C. C. Osbon: Op. cit., pp. 92-93. 
2 FE. K. Soper and C. C. Osbon: Op. cit., p. 6. 
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In Canada about 37,000 square miles of land is covered with peat de- 
posits, and the estimated quantity of peat is nearly 35,000,000,000 tons, 
nearly three times the estimated quantity (13,827,000,000 tons) in the 
United States.** The estimated total for Canada will doubtless be in- 
creased as exploration progresses. These vast deposits are not confined 
to the Canadian maritime provinces but extend over great areas in the 
Hudson Bay region, in Ontario and Quebec, in Manitoba, Alberta, 
Saskatchewan, British Columbia, and the Yukon territory. 


“Very extensive areas of peat lands, as yet unexplored, occur in northern 
Ontario and northern Quebec along the line of the Canadian National Rail- 
way and northward to the shores of Hudson Bay. The extent of these peat 
bogs is enormous. They cover thousands of square miles, and in fact occupy 
practically the entire region of the coastal plain, except on the borders of 
the rivers. No detailed investigations have been made of the depth of these 
bogs, but they vary from a few inches to probably 25 or 30 feet. On the 
smaller rivers, beds of peat from 6 to 10 feet deep are in many places seen 
along the banks above the drift. The deposits cover the entire region for 
100 miles around the south and southwest sides of Hudson Bay. The northerly 
100 miles of the Nipissing-Algoma boundary line traverses an almost con- 
tinuous tract of this kind. from the slight information available it appears 
quite probable that large areas may contain peat of good quality. Deposits 
over 11 feet deep, resting on a clay floor, have been reported by explorers 
to occur in the Abitibi district, and samples from different points in that 
region and the Mattagami Valley, which have been subjected to analysis, com- 
pared favorably with peat from bogs in the most southerly portions of 
Ontario.” 


Large deposits of peat are found in Alaska, in the southern, central, 
as well as in the northern (Arctic) parts of the territory.** 

The following table shows the areas of peat deposits in certain coun- 
tries : 


Areas of Peat Deposits in Certain Countries * 


Area in 

square miles 


21 B. F. Haanel: Peat, its manufacture and uses. Canada Dept. Mines, Pub. No. 641, 
1925, pp. 36-37. 

22B, F. Haanel: Op. cit., p. 44. 

3C, A. Davis: The preparation and use of peat as a fuel. U. S. Geol. Survey Bull. 
442, 1910, pp. 104-105. 

*B. F. Haanel: Op. cit., p. 36. 


XXVII—BULL. GEot. Soc. AM., Vou. 41, 1930 
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Area in 
square miles 


According to this table, the largest areas of peat deposits are in Russia, 
Finland, Canada, Sweden, and the United States. Southern Europe 
appears to be deficient in peat resources, the great reserves of Europe, 
like those of North America, being in the cold, humid, northern part of 
the country. The peat resources of Siberia are probably large, although 
glaciation is not so extensive there as in northern Europe. 

Little is known about the peat deposits of the temperate parts of Aus- 
tralia, Africa, and South America, but their reserves do not appear to be 
great. 

Most of the peat of the world, possibly over 90 per cent, lies between 
parallel 40° north and the Arctic Circle. 


POLAR REGIONS 


Peat is forming today in polar regions where the precipitation is suffi- 
cient and the summer temperature is high enough to permit a vigorous 
growth of plants. Although the polar peat depesits as a whole are not 
extensive and the areas of the individual deposits are not large, yet the 
deposits of peat in the polar regions are probably as extensive as those 
in the tropics. The low temperature in which high humidity is easily 
maintained and chemical decay and bacterial action are prevented, favors 
the rapid transformation of plant tissue into peat. 

Former peat deposits now represented by coal are found both in the 
Arctic and in the Antarctic regions. In the Arctic region thick beds of 
coal are found within 9° of the Pole. The peat deposits that formed 
these coal beds, however, were probably laid down in.a cool climate, rather 
than in a rigorous climate such as now prevails in the polar regions. 


CHARACTER OF THE PEAT OF TEMPERATE REGIONS 


In order to determine whether the peat of cool temperate regions is 
like that of other regions, numerous analyses were examined and com- 
pared. Analyses of tropical peats are, unfortunately, not available. 

The following table shows the averages of 25 representative analyses 
of peat sampled in widely separated regions—1 from Switzerland, 4 from 
Ireland, 1 from England, 1 from Scotland, 6 from France, and 12 from 


Germany.” 


25B. F. Haanel: Op. cit., p. 7-8. 
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Analyses of Peat of Cold Temperate Regions 


ercentage 


In the following table the averages of analyses of numerous samples 
of North American peats are given.** The analyses were calculated on 
the basis of dry samples: 


Analyses of North American Peat 


CANADA 

Number of 

Volatile Fixed analyses 

Locality matter carbon Ash t. averaged 
70.10 23.00 6.90 3 
Mattagami Valley, Can. .......... 71.40 22.46 6.40 wralais 5 
we 64.25 30.75 5.00 9,300 6 
Prince Edward Island .......... 65.00 29.66 5.38 9,666 
ow 61.70 26.40 11.80 8.1938 40 
65.438 27.14 TAS 9,064 95 


UNITED STATES 


ces 61.29 27.89 10.83 8.843 10 

42.32 21.72 35.95 7.868 13 
46.82 84.57 19.76 8,238 34 

43.73 42.09 14.17 8,228 29 
Dismal VO. 56.89 27.34 15.77 9,029 5 


49.99 29.47 21.05 8,407 171 


2B. F. Haanel: Op. cit., pp. 8-11, and E. K. Soper and C. C. Osbon: Op. cit., pp. 
19-56. 
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A comparison of the analyses of the peat of Canada indicates that the 
average deposit in Ontario contains more ash and less fixed carbon and 
volatile matter than other deposits in Canada. This difference indicates 
that the peat of Ontario has a lower calorific value, a conclusion already 
reached by Haanel.** The peats of United States vary greatly in quality, 
but they contain less volatile matter, nearly the same quantity of fixed 
carbon, and much more ash than the average Canadian peat. The peat 
of Florida compares favorably with that of other parts of the country 
but contains more ash than the Canadian peat. The relative quality 
of the peats of the several states is more fully considered by Soper and 
Osbon. It appears therefore that the average peat of cold regions has 
a higher heating value and contains less ash than the average peat of 
warm countries. This fact agrees with theoretical considerations con- 
cerning the relative rapidity of chemical decay and bacterial action in 
the two regions, the slower accumulation in warm countries resulting in 
a larger proportion of inorganic matter per unit thickness of peat. 


RATE OF ForMATION OF COAL 


Coal is metamorphosed peat, and its character depends on the char- 
acter of the peat from which it was formed and the amount and dura- 
tion of the pressure to which the peat was subjected after burial. From 
calculations of relative specific gravity and of the loss of moisture and 
other constituents, Ashiey ** estimates that 3 feet of old peat would form 
1 foot of bituminous coal. In view of the rate at which peat accumulates, 
as determined by Soper and Osbon, it would require 2,500 years for peat 
to accumulate to a thickness sufficient to form 1 foot of bituminous coal, 
but formation at this rate would require continuous high humidity and 
low evaporation and constant but not excessive precipitation, conditions 
more easily attained and maintained in cool temperate regions than in 
the tropics. To form a coal bed 5 to 10 feet thick would therefore re- 
quire the maintenance of climatic uniformity and swamp conditions from 
12,000 to 25,000 years. 


GENERAL DIsTRIBUTION OF CoALs 
GENERAL STATEMENT 
The general distribution of coal beds and the character and thickness 
of the coal may therefore indicate the climates of the regions in which 
they accumulated as peat deposits. Fortunately, the extent and char- 
acter of the coal reserves of the world have been more carefully deter- 


27 B. F. Haanel: Op. cit., p. 11. 
28G. H. Ashley: Op. cit. 
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mined than the reserves of any other natural resource, and the results of 
the work done have been published in an elaborate three-volume mono- 
graph prepared under the direction of several geologists of the Canadian 
Geological Survey.2® The general distribution of the coal resources of 
the world is shown in an atlas accompanying the monograph. The exist- 
ing knowledge of the world’s coal reserves has recently been adequately 
summarized by Moore.*° 


DISTRIBUTION BY REGIONS 


Coal resources of the world.\—North America contains about two- 
thirds of the coal reserves of the world. Most of this coal is in the 
United States, though some of it is in Canada. Asia contains about 
one-sixth of the known reserves, most of it in China; some of it in Siberia 
and India. Europe contains one-tenth of the total reserves, chiefly in 
Germany and the British Isles, though there are small quantities in 
Russia, Austria, France, and Belgium. Australasia, Africa, and South 
America contain about one-thirtieth of the total coal of the world, which 
is found chiefly in New South Wales, British South Africa, and Colombia 
in South America. Nearly all the coals of the southern hemisphere 
except those of Colombia are Permo-Carboniferous and are associated 
with the Gangamopteris flora. The general distribution of the coal re- 
sources of the world is shown below. 


Millions of 

metric tons 


North America.—Most of the coals of North America lie north of 
latitude 35°. The most valuable coals are of Pennsylvanian age and 
are in eastern North America. They are found in isolated areas extend- 
ing from Texas on the south to Newfoundland on the north, between 
latitudes 31° and 48° north. The valuable coals of Cretaceous and Ter- 
tiary age underlie large areas in the Rocky Mountain and Great Plains 
regions, extending from northern New Mexico, in latitude 34° north, 
into the Yukon, in latitude 65°. These coals attain their greatest extent 


29The coal resources of the world, vols. 1, 2, 3, and atlas, Morang and Co., Ltd., 
Toronto, 1913. 

30 E. S. Moore: Coal, chapters 13-15, New York, 1922. 

31 The coal resources of the world, vol. 1, p. XVIII. 
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in Wyoming, Montana, North Dakota, Saskatchewan, and Alberta, be- 
tween latitudes 41° and 55°. The workable coals found in the Arctic 
islands appear to be Tertiary and Lower Carboniferous. The extensive 
coal fields of Banks Land and Parry Islands, which lie within 18° of 
the North Pole, are probably Lower Carboniferous. The coals of western 
Greenland and of Ellesmere Island are Eocene. In 1924 Macmillan 
found coal beds 25 feet thick in Ellesmere Island, within 9° of the Pole. 
In central Alaska subbituminous coal of Pennsylvanian age is found on 
the Yukon, but the coal of the Lisburne fields, on the north slope of 
Alaska, extending from about latitudes 68° to 69° north, is probably 
Mississippian. 

Extensive areas of lignite and small areas of subbituminous coal, chiefly 
of Tertiary age, are found in northeastern Mexico, north of the Tropic 
of Cancer, and they extend into Texas, Louisiana, and Arkansas. An- 
other large area extends from southern Alabama into Mississippi and 
western Tennessee. The Gulf Province contains some good and much 
inferior coal. 

Coal is found in several states in Mexico, but the country as a whole 
is deficient in coal resources. The Tertiary lignites, which represent a 
continuation of the Gulf Province, appear to be of no value. Many 
Triassic coal beds of workable thickness are found in the Mixteca dis- 
trict, but the coal contains so much ash that it is not valuable. The 
producing fields, which yield coals of Cretaceous age, are in northern 
Coahuila, in latitude 27° and 28° north. 

The only countries in Central America reporting any coal are Panama 
and Honduras. The coal is lignite, is found in thin beds, and is small 
in quantity. The coal resources of the West Indies appear to be limited 
to Trinidad. The beds are thin and the coal is of poor quality. 

The coal resources of North America are shown below: 


Coal Resources of North America® 


Millions of 

metric tons 


The coal resources of North America are estimated at 68.58 per cent 
of the resources of the world. 


82 The coal resources of the world, vel. 1, p. XXIv. 
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South America.—South America is apparently deficient in workable 
coal beds. Those so far known yield coal of fair to inferior quality. 
Brazil, which lies almost entirely within the tropics, contains very little 
coal that is sufficiently free from slate, ash, and sulphur to mine profitably. 
The localities most favorable for mining lie south of the Tropic of 
Capricorn, near the border of Uruguay. Venezuela contains little coal, 
chiefly lignite. The Andes region contains more coal, and some of the 
beds are high above sealevel. Colombia appears to have the largest 
reserve of coal in South America. The coal is in part bituminous and 
in part lignite, and most of it is found in the Andes, at altitudes of a 
mile or more. The best beds are of Upper Cretaceous age. Ecuador 
has little coal; Peru has somewhat more, found in the Andes; but the 
coal resources of Bolivia seem to be small. Coal beds are found at sev- 
eral places in Argentine, but they are thin and the coal is of inferior 
quality. The coal of Chile is Tertiary and is of bituminous rank, but 
much of it is of inferior quality. 

The coal resources of South America are estimated at 0.43 per cent 
of the resources of the world, less than one-half of 1 per cent. 

The distribution of coal resources is shown below: 

Coal Resources of South America® 


Millions of 
metric tons 


Europe.—Coal is widely distributed in Europe. The most valuable 
fields are in northern France, Germany, the British Isles, Russia, and 
Austria, Germany possessing the largest reserves. Most of the European 
coals, as well as the coals of highest quality, are found north of latitude 
48°. The following table summarizes the estimated reserves. 

Coal Resources of Europe™ 


Millions of 
metric tons 


423,356 


33 The coal resources of the world, vol. 1, pp. XXXIV-XXXV. 
* The coal resources of the world, vol. 1, pp. XXXV-XXXVII. 
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Millions of 
metric tons 


The first four countries listed contain more than nine-tenths of the 
coal of Europe. The Mediterranean countries are deficient in coal, and 
much of their supply consists of deposits of lignite. The large coal fields 
in Russia, except those in the Donetz basin, are north of latitude 54° 
north. Spitzbergen, which lies between latitude 75° and 80° north, con- 
tains a reserve nearly equal to that of Spain. Buren Island, north of 
Norway, contains workable coal of Devonian age, probably the oldest 
coal in the world of commercial value. 

The coal resources of Europe are estimated at 10.60 per cent of the 
resources of the world. 

Asia.—In Asia, China and Siberia lead in the extent of their coal re- 
sources. The following table shows the estimated reserves: 


Coal Resources of Asia® 


Millions of 

metric tons 


3* The coal resources of the world, vol. 1, pp. XXX-XXXI. 
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China far exceeds the other countries of Asia in its coal resources. 
More than three-fourths of the reserves lie north of latitude 35° north 
and are almost entirely of Permo-Carboniferous age. Much of the best 
coal in the southern part of the eountey—hetween latitudes 20° and 30° 
north—is also Permo-Carboniferous. 

The coals of Siberia are not well known, but the reserve is large and 
valuable. Most of the beds appear to be of Paleozoic age. The most 
valuable coals in India are of Permo-Carboniferous age. 

The total coal of Asia amounts to about 17.29 per cent of the estimated 
coal resources of the world. 

Oceanic islands.—The coals of the Oceanic islands (Borneo, Philip- 
pines, East Indies) are mainly lignitic and are of Tertiary age. Some 
of them are of good quality ; others contain much ash and sulphur. Many 
of the beds are thin, but some are 25 to 30 feet thick. The total reserves 
will probably not exceed 1,500,000,000 metric tons.** 

Austraha and New Zealand.—Australia has reserves of coal that will 
yield 165,572,000,000 metric tons. New Zealand has an estimated re- 
serve of 3,386,000,000 tons.** The largest fields are of Permo-Carbon- 
iferous age and some of the coals are associated with the glacial tillites 
of that age. Much of the coal is of high grade. The total reserve is 
about 2.28 per cent of the coal resources of the world. 

Africa.—Africa, like South America, appears to be deficient in coal. 
The largest fields are in the southern part of the continent, and most of 
the beds are Permo-Carboniferous. Egypt and the Sudan have no 
workable coal, and Abyssinia is but little better off. Libia, Algeria, 
and Morocco appear to have no coal. The East African Protectorate also 
has no workable coal. Southern Nigeria has some fairly good coal. 

Rhodesia and the Belgian Congo contain Permo-Carboniferous coal, 
but these coals, like most others in Africa, run high in ash. The Union 
of South Africa contains most of the coal of the continent. It is of 
Permo-Carboniferous and Triassic age. Madagascar has apparently only 
a little coal. 

The following table shows the coal resources of Africa: 


Coal Resources of Africa*® 
Millions of 
metric tons 


3° The coal resources of the world, vol. 1, p. 89, 95, 107. 
37 The coal resources of the world, vol. 1, p. XXIX. 
33The coal resources of the world, vol. 1, p. XXXII. 
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Millions of 

metric tons 


The total coal in Africa amounts to about 0.78 per cent of the esti- 
mated coal resources of the world. 

Antarctica.—Antarctica contains coal resources of Permo-Carboniferous 
age, the coal-bearing rocks, according to David, covering less than 12,000 
square miles.*° 

DISTRIBUTION BY LATITUDE 


(reneral slatement.—In order to determine the distribution of coal re- 
sources by latitude, the totals for the countries given in the preceding 
summaries have been recast. The total reserves for the tropics were 
determined first; then the total reserves of northern and southern 
latitudes. 

Coal resources of the tropics—The following table includes the esti- 
mated coal reserves of the tropics: 


Coal Resources of the Tropics 
Metric tons 


South America: 

Venezuela and Ecuador .............. 10,000,000 

Africa: 

Australasia: 


The Permo-Carboniferous coals of the tropics were omitted from the 
preceding table, for they were formed during the late Paleozoic ice age 


3° The coal resources of the world, vol. 1, p. XLIx. 
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and hence can hardly represent tropical conditions; in fact, certain coals 
of this age are interbedded with tillites, but the beds were probably formed 
during mild interglacial stages. Their estimated reserves are as follows: 


Permo-Carboniferous Coal Resources of the Tropics 


Metric tons 


A comparison of the preceding tables shows that the total estimated 
reserves of the Permo-Carboniferous coals of the tropics are 244 times 
greater than the total estimated reserves of tropical coals of all other 
ages. The conditions during Permo-Carboniferous time were evidently 
more favorable to the formation of coal in the tropics than the condi- 
tions in any other geologic period, and many Permo-Carboniferous coals 
have higher average calorific value and greater purity than other tropi- 
eal coals. 

Excluding the Permo-Carboniferous coals, the total estimated quan- 
tity of tropical coals (32,482,336,400 tons) is roughly 0.44 per cent of 
the total coal reserves of the world—less than 1 per cent—and includ- 
ing the Permo-Carboniferous coals, the total coal resources of the tropics 
are only 1.57 per cent of the coal resources of the world. 

Coal resources north of latitude 35° north.—In the following table the 
estimated coal resources by countries given in the preceding summaries 
have been rearranged to show the total tonnage north of latitude 35° 
north, 


Coal Resources North of 35° North Latitude 


Metric tons 


Europe: 

Asia: 
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Metric tons 


China: 


More than nine-tenths (91.80 per cent) of the estimated reserve of 
coal of the world is found between latitude 35° north and the Arctic 
Circle, and probably nine-tenths of the peat resources of the world are 
found between latitude 40° north and the Arctic Circle. It is therefore 
evident that the general distribution of the world’s beds of coal agrees 
very closely with the distribution of the present beds of peat. The peat 
of highest purity and calorific value is found in the cold temperate cli- 
mates north of latitude 40° north. Most of the coal of the same general 
region has high calorific value and high purity, being far superior in 
these respects to the average tropical coal, except the Permo-Carboniferous. 

Coal resources of the South Temperate zone.—In the following table 
the resources by countries given in the preceding summaries have been 
rearranged to show the total tonnage in the south temperate zone: 


Coal Resources of the South Temperate Zone 


Metric tons 
South America: 


South Africa: 

Australia: 


The south temperate zone contains only 3.07 per cent of the estimated 
coal resources of the world, its small proportion being due mainly to the 
small land area in the southern in comparison with the northern hemi- 
sphere. The greater part of the coal of the south temperate zone was 
formed during the Permo-Carboniferous ice age. 
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SUMMARY 


The conditions favorable to the formation of peat:are rapid and luxu- 
riant plant growth; numerous depressions, or flat, poorly drained areas ; 
abundant (though not excessive) and well-distributed rainfall; high 
humidity ; low evaporation ; cool to moderate temperature ; and alkaline- 
free swamp waters. These conditions are found in all climatic zones. 
Tropical peat deposits are thin and impure and are widely separated 
geographically. The high temperature of tropical regions favors rapid 
bacterial action and chemical decay, resulting in a slow accumulation of 
peat containing a large proportion of aqueous and eolian sediment. The 
alkalinity of the surface water in large areas of the tropics is also ad- 
verse to the accumulation of peat. The great areas of peat—possibly 
more than 90 per cent of the peat resources of the world—are found in 
cool temperature regions, Russia, Finland, Canada, Sweden, and the 
United States leading, in the order named. Peat also forms rapidly 
in polar regions where the precipitation is sufficient and the summer 
temperature is high enough for plant growth. The accumulations of peat 
appear to be more extensive in polar than in tropical regions. Analyses 
of North American peat show that the average peat in Canada is of 
greater calorific value and contains less ash than the average peat in the 
United States. This difference is attributed mainly to the lower tem- 
perature of Canada. 

As our present coal beds represent former peat deposits, a survey of 
the general distribution of the coal of the world was made. It was found 
that two-thirds of the coal resources of the world are in North America, 
north of parallel 35° north. Europe contains one-tenth of the coal 
resources of the world, nine-tenths of which is in the northern part of 
the continent. Asia contains about one-sixth of the coal of the world, 
nearly three-fourths of which is in northern China and Siberia. Africa, 
South America, and Australasia, which lie largely in the tropics, contain 
about one-thirtieth of the coal resources of the world. 

A recast of the estimates indicates that the coal resources of all tropi- 
cal countries form less than 2 per cent of the coal resources of the world 
and that the largest part of it was laid down in the Permo-Carboniferous 
ice age, a fact indicating that the climate during this age was more favora- 
ble to the formation of peat than that of any other period in the geologic 
history of the present tropics. It was found, further, that more than 
nine-tenths of the total coal resources of the world lie north of latitude 
35° north and that only about 3 per cent is in the south temperate zone. 

The distribution of coal and of the existing deposits of peat undoubtedly 


, 
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has distinct climatic significance and must be considered in determining 
the climatic conditions of the coal-forming periods. 


Discussion 


Dr. F. W. Sarpeson : Most of the peat of Minnesota lies in the north- 
eastern part of the state. A large increase in the summer rainfall would 
probably lead to its decomposition and to its gradual disappearance in 
large part. 

It should be noted that the peat deposits as well as the coa's of the 
world lie essentially on the poleward sides of the great desert belts. 

Dr. Crarves Laurence Baker:* In some years of geologic experience 
in the tropics of the western hemisphere both north and south of the 
Equator, which ineluded a large amount of work in extensive tropical, 
swampy and jungle-clad lowlands (the Tamesi-Panuco basins of the 
Tampico region and the Isthmus of Tehuantepec of Mexico and the Rio 
Paraguay and Rio Parana and other basins of South America) I have 
never found any peat deposits. In the Panuco oil field, in the lower 
part of the Port Hudson Pleistocene valley-fill it was not uncommon, 
in drilling, to encounter cypress logs, but these were still wood and not 
peat or lignite, and similar occurrences are rather widespread in the 
Gulf Coastal Plain of Texas and Louisiana. On the Isthmus of Tehuan- 
tepec plant remains are fairly abundant in the later Cenozoic deposits, 
but only insignificant streaks of what might be called either peat or 
lignite were found. In Brazil an extensive Miocene or later lacustrine 
basin lay in a trough in the Basement Complex from north of Rio de 
Janeiro southwestward to the state of Parana and is followed by the 
Parahyba and upper Tiete rivers. In this basin rich oil shales, with 
fossil fishes, were deposited, but | know of no peat or lignite. 

There must be some reason for the scarcity of peat or lignite in the 
tropics. Perhaps it is to be found in part because most peats and coals 
were derived from the lower orders of plants up to and including the 
conifers. These orders of plants are relatively scarce in the tropical 
lowlands. In the tropical rain forests of the highlands tree ferns, arau- 
carians and cycads are more abundant but they do not flourish—at least 
in any marked abundance—in the hotter lowlands. Another reason is 
perhaps the great amount of decay and decomposition in hot, moist cli- 
mate. Still another may be that chemical substances in tropical waters 
are inimical. 

In my “Depositional History of the Red Beds and Saline Residues of 
the Texas Permian” (Bull. 2901, Univ. of Texas Bureau Econ. Geol.), 


* Dr. Baker’s views were in writing under date of January 7, 1930, Houston, Texas.. 
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next to last section, I have suggested that the Permian coal, from its 
known distribution, lies in areas intermediate between the saline residue 
and glacial deposits. The coal may have been deposited in areas of the 
cooler yet moist Permian climates. All Permian vegetation belongs to 
the lower plant orders, but the conditions for its preservation as coal 
appear limited to certain conditions of climate. As you know, coal is 
not very abundant in present tropical areas. Permian coal is known in 
abundance in the present tropics in peninsular India (the original Gond- 
wana). That region is still a high plateau, and I can see no reason why 
it may not have been a high plateau in the Permian, especially since 
the entire series of very thick Gondwana group sediments are apparently 
entirely non-marine. 

Other coals of which I happen to know in the present tropics occur in 
Peru and in Angola (Portuguese West Africa). 

Interesting conditions obtain in Australia. There marine sediments, 
coals, and glacial deposits are interbedded. I have stated (in the work 
cited above) that possibly the Australian coal and glacial depesits may 
have been laid down on a coastal plain or as littoral deposits in a lowland 
flanked by highlands which supported glaciers. Australia is the only 
known place where Permian glacial deposits reached sea level. Of 
course, the present latitude there is in the temperate zone; so glacial 
and coal deposits there can be explained with less difficulty than in Penin- 
sular India. The Permian glacial and coal deposits of South America 
are very nearly all in the south temperate zone and where the glacial 
deposits alone extend into the tropics [San Paulo, Minas Geraes (7), 
Brazil] they are in the highlands and may have been in the highlands 
in the Permian. 
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INTRODUCTION 


The writer had discussed various aspects of the so-called Tertiary 
mountain belt of the earth, especially its mode of origin and significance 
in the later chapters of the earth’s history, in the following papers: 


1. Bearing of the Tertiary mountain belt on the origin of the earth’s plan: 
Bulletin of the Geological Society of America, volume 21, 1910, pages 179-226. 

2. The lateral migration of land masses [abstract]: Proceedings of the 
Washington Academy of Sciences, volume 13, number 29, 1923, pages 445-447. 

3. Movement of continental masses under the action of tidal forces: Pan- 
American Geologist, volume 43, February, 1925, pages 15-50. 

4. Greater Asia and isostasy: American Journal of Science, 5th series, 
volume 12, July, 1926, pages 47-67. 

5. Salient points in Tertiary epeirogeny [abstract]: Bulletin of the Geologi- 
cal Society of America, volume 38, 1926, pages 107-108. 

6. Sliding continents and tidal and rotational forces: American Association 
of Petroleum Geologists, symposium volume, “The theory of continental drift,” 
1927, pages 158-177. 

7. North America and Asia: a comparison in Tertiary diastrophism: Bulle- 
tin of the Geological Society of America, volume 39, 1928, pages 985-1000. 

8. Bearing of distribution of earthquakes and volcanoes on their origin: 
Bulletin of the Geological Society of America, volume 39, 1928, pages 1000- 
1016. 


It was not until about 1924, however, that the writer realized the 
possibility of correlating individual ranges of the Tertiary belt in one 
continent with individual ranges of the same belt in other continents. 
The great contrast in the strength of Tertiary diastrophism in north- 
eastern Asia as compared with that in northwestern North America and 
the substantially unbroken physical connection between these two con- 
tinental areas invited closer study. Out of this invitation grew two 
of the later papers in the list cited, numbers 7 and 8, both of which point 
strongly to the possibility of intimate correlation in at least three of the 
continents and to correlations only a degree less intimate in the other 
two. 
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Correlation of certain individual mouniasn ranges of North America 
with ranges in Asia and Australia seems relatively simple, and the re- 
sults seem clear and dependable. In Europe, however, correlation is 
much more difficult, although in the eastern half the results seem fairly 


good. In the present state of knowledge, correlation in certain parts 


of South and Central America and in the Caribbean region seems almost 
unattainable, but in other parts of these areas the relations seem 
fairly clear. Even if the results attained in this paper should fall far 
short of complete or world-wide correlation the facts now in hand ap- 
pear to invite the effort. The very fact that the Tertiary mountain belt 
seems to be essentially a physical unit in time and process the world 
over implies in itself a broad correlation. But there is need for.more 
detailed correlation—for correlations between definite features in differ- 
ent continental areas of the belt. When it is found that correlation can 
be made with positive certainty between some of the individual moun- 
tain ranges in two or three continents, the high value of such correla- 
tions will at once become apparent. It is the object of the present paper 
to present the writer’s scheme of correlation, and to show its relation to 
some of the greater problems of earth history. 


DistrisutTion OF TertTIArY MounraAin RANGES 


A map showing the distribution of the zone of the “young mountain 
chains” (Hauptzone der jungen Kettengebirge) of the earth was pub- 
lished by M. Neumayr, probably somewhat earlier than 1892, for it was 
printed in the Berghaus Physical Atlas for that year. Neumayr’s map 
is here reproduced without change as figure 1. It shows the distribution 
of the young mountain ranges as known to him in a rather broad belt 
of variable width, but with no details. The belt extends across the 
southern border of Europe, touching northwestern Africa in the Atlas 
ranges and running thence along the whole southern and eastern fronts 
of Asia to North America. Here it turns toward the southeast and in- 
cludes nearly the whole length of the cordillera of both North and South 
America. <A branch extends east and south from the Malay Archipelago 
around the north and east sides of Australia. 

Later researches show that the mountain belt should have been made 
much wider along the front of Asia eastward from India to central 
Alaska, and also in the Pacific Ocean east and northeast of Australia. 
This may be seen by comparing figure 1 with figure 3, which shows the 
distribution of the Tertiary mountain ranges as now understood. The 
maps show that the mountain belt forms, in a general way, the southern 
border of the three northern continents and the northern border of the 
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two southern continents, Figure 2 shows that Tertiary mountain mak- 
ing was by far most active in the western Pacific region, off the shores of 
Asia and Australia, Alaska west of the great mountain angle being 
counted as belonging structurally to Asia. It shows also that mountain 
making in North and South America and in Europe was much less active 
in the same period, for the Tertiary mountain belt in these continents 
is much narrower. 


INFERENCES AS TO PROXIMATE CAUSE OF THE OBSERVED 
DisTRIBUTION 


Between 1894 and 1908 the writer carried on certain studies which led 
to the belief that mountain ranges might be made by the horizontal slid- 
ing of crustal sheets or masses of continental extent, the ranges being 
formed by the folding and uplifting of the moving masses along their for- 
ward margin. In a pamphlet of forty pages printed privately in June, 
1898 *, the continents were rather crudely described as resembling “huge 
landslides from the polar regions toward the equator, or in general, to- 
ward lower altitudes.” 

Later, when the writer first became acquainted with some of the work 
of Eduard Suess, it was found that from an entirely different point of 
view and by a different method of reasoning Suess had reached an 
explanation of the making of the arcuate mountain ranges of southern 
Asia which fitted perfectly into the writer’s scheme. Suess ascribed the 
prevailing southward convexity of the arcuate ranges to southward 
horizontal movement of the southern part but not the whole of the crust- 
sheet of Asia. Later, he suggested the same idea for North America 
(southward movement with westward deflection), but he yielded finally 
to the arguments of opponents, and, so far as known to the writer, did 
not venture to apply the same idea to Europe or South America or Aus- 
tralia. 

In paper number 1 of the list given the writer endeavored to show 
that the distribution of the Tertiary mountain belt (taking no account 
of any of the earth’s older mountain ranges) is best explained on the as- 
sumption that the mountain ranges were made, not by local movements 
of the earth’s crust that involved only fractional parts of continental 
areas, as pictured by Suess for Asia, but by the horizontal movement of 
whole continental sheets, and that the observed distribution of the 


2 An endogenous planetary system, p. 30. Only five copies of this pamphlet were sent 
out et that time, but three copies were sent a little later to the Library of Congress 
at Washington and filed there, although a copyright was never sought. The pamphlet 
deals mainly with astronomical subjects, but pages 27 to 31, inclusive, relate to the 
horizontal movement of continents and the making of mountain ranges. 
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Ficure 2.—Sketch Map showing Distribution and Correlation of Tertiary Mountain 
Ranges in the different Continents 


In the maps in some of the writer’s earlier papers, some of the Tertiary ranges were 
omitted for the sake of simplicity. Not until the present paper were the relations of 
all of the Tertiary ranges taken into account. The lines converging southward on a 
path across central Asia represent roughly Ruedemann’s trend-lines of pre-Cambrian 
folds and foliation. They seem to suggest crustal or subcrustal movement into the 
Malay earthlobe, probably partly of post-Cretaceous age. 
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mountain belt shows that the northern continents moved in southerly 
directions while the southern continents moved in northerly directions ; or, 
to state it more concisely, the continents moved from high latitudes 
toward lower latitudes in both hemispheres. Here, then, is what may be 
called provisionally, the proximate cause of the observed distribution of 
the Tertiary mountain belt, namely, the horizontal movement of whole 
continental crust-sheets. In both hemispheres there were considerable 
deflections of continental movement from meridian directions toward 
the equator, but these do not affect the validity of the principles involved. 

The main facts relating to the global distribution of the Tertiary 
mountain belt seem to show with great clearness that its distribution 
was controlled by forces governed in their action by latitude and hemi- 
spheres, for the crust was caused to slide away from both polar regions 
toward the equator (figure 2). Whatever the ultimate cause may be, 
this is precisely the plan of distribution which would arise from a slow 
increase in the speed of the earth’s axial rotation, with consequent in- 
crease in the power of centrifugal force, causing the crust to slide from 
high toward lower latitudes. This remarkable correspondence can hardly 
be accidental, neither is it fanciful, for it is strongly and clearly ex- 
pressed in the mountain ranges. It is, therefore, an efficient means of 
eliminating other types of hypotheses which do not recognize this aspect 
of distribution. 


A GLIMPSE OF THE PROBABLE ULTIMATE CAUSE 


If we examine critically the various current and older hypotheses as 
to their explanation of the cause of the making of mountain ranges we 
find that, with the exception of the contraction hypothesis, which is 
founded on Laplace’s nebular hypothesis, none tend to produce crustal 
deformation on lines conforming to the observed distribution of the Ter- 
tiary mountain ranges. It is, of course, true that any deforming force 
which does its work through increased speed of rotation and increased 
power of centrifugal force would tend to produce the same result. But 
there is, in the writer’s opinion, only one theory which works satisfac- 
torily in this way and meets the requirements in all respects. This is 
the theory briefly outlined in several of the papers of the list given, espe- 
cially in the sixth, in which the chief part played in Tertiary diastrophism 
is attributed to tidal force, more especially to the tidal force of the moon, 
because the moon’s tidal force predominates over that of the sun, being 
about two and one-fifth times more powerful. This, of course, is true 
because, although the moon is relatively a much smaller body, it is very 
much nearer to the earth. 
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Many serious objections to Laplace’s nebular hypothesis have arisen 
in the last fifty years, among them those raised by Babinet, Chamberlin, 
Moulton and others; and yet, strangely enough, nearly all astronomers 
continue to support the hypothesis of a cooling and contracting molten 
globe. However, they are thinking not of the making of mountain 
ranges on the earth, but of the birth of satellites by fisson from their 
molten and swiftly rotating primaries. The idea is very pleasing and 
seems to them to furnish substantial verifications for their speculative 
hypotheses on the origin of satellites; in particular, for one which pur- 
ports to account for the moon by fission from the molten earth. 

Geologists, on the other hand, are not so sure. Their eyes are fixed 
on the rocky ribs of the earth rather than on the beautiful orbs in the 
sky, and they know that in the last thirty years there has been a very 
great change in conceptions of geological time and the age of the earth. 
The discovery of the very slow and unvarying rate of decay of radio- 
active minerals literally revolutionized our estimates of the duration of 
geological time, making it many times longer than even the most reckless 
long-timer of the last century dared to think. Then, the finding of in- 
durated glacial deposits in many of the strata of the older geological 
periods (the oldest being in the Huronian of Canada)—these and other 
discoveries of like import have pushed the whole body of evidences for- 
merly relied on as supporting the contraction hypothesis and the idea 
of the molten globe backward in time to so remote a place that they 
can not now be adjusted to the new theories and hypotheses that are grow- 
ing out of the new knowledge. The new pictures (facts, observations) 
do not fit the old frames (theories, hypotheses) and there is little or no 
harmony in the present relations of geology and astronomy, but harmony 
and unity will surely be found at no distant day. 

For a case in point, consider the following: The contraction hypothesis 
can not be made to fit what now appears to be the greatest fact in dias- 
trophic geology—at least the greatest relating to the Tertiary-to-present 
diastrophism and the making of the so-called Tertiary mountain ranges, 
for world-wide evidence shows conclusively that the Tertiary mountain 
belt began to be formed at a definite geological date the world over. By 
“geological date” is meant a point of time fixed not by years or cen- 
turies or even by millenniums, but by millions of years. This was in 
the latter part of the Cretaceous period. The evidence indicates that 
there was then a relatively large and sudden increase in the centrifugal 
force affecting the equilibrium of the earth’s crust, and that this increase 
of power was not temporary, but has continued down to the present day. 
The decay of radioactive minerals shows that the earth has been in exist- 
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ence for at least two or three thousands of millions of years, and when 
it is realized that it has had this enormous stretch of time in which to 
cool off and to so readjust itself as to reach a condition of substantially 
perfect internal stabikity, how is it possible to believe that any contrac- 
tion hypothesis which depends on unbalanced conditions, inherited from 
a time so remote, can furnish the explanation for a diastrophic revolu- 
tion which came so suddenly and in a geological sense so recently and 
has acted with such intensity and sustained power as is indicated by 
the Tertiary mountain ranges? It seems certain, at least to the writer, 
that the Tertiary-to-present mountain making can not be explained by 
any form of contraction hypothesis; but, on the other hand, its sudden- 
ness, its geologically recent date and its intensity and sustained power 
are all precisely in accord with the tidal theory. 

Suppose that the moon became the earth’s satellite by being captured 
directly out of space. That would be a sudden event. Whether the 
moon would stay with the earth as its satellite or leave it permanently 
would be decided in the first month. Being an extra large satellite in 
comparison with its primary, the moon’s tidal force was correspondingly 
large (about two and one-fifth times as great as that of the sun), and it 
began to act on the earth immediately. The actual event of capture 
probably took place sometime in the early Cretaceous. Being a per- 
fectly mobile body, the ocean made the first gesture of response, as is 
wonderfully recorded in the Great Transgression of the Cretaceous sea 
over the lowlands of lower latitudes (Suess, De Lapparent, Schuchert). 
Only in late Cretaceous time did the deforming effect of the tidal force 
begin to show in the rocky crust by the formation of mountain ranges. 
In this great event we see the reason for the suddenness, the recent date 
and the intensity and the sustained power of the Tertiary diastrophism. 

It has seemed necessary to say this much concerning the writer’s gen- 
eral theory of the Tertiary diastrophism, because many geologists and 
probably all astronomers are or have lately been distinctly hostile to 
the idea of capture directly out of space for the origin of satellites, and 
in particular for the origin of the moon. 


PRINCIPLES OF CORRELATION 


The idea of attempting to correlate individual mountain ranges of 
the Tertiary belt in the different continents grew out of comparative 
studies of Tertiary diastrophism in North America and Asia, and espe- 
cially of the relations of the individual ranges in northwestern North 
America and northeastern Asia. (Papers numbers 7 and 8 of the list 
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given.) The Tertiary belt as a whole had long ago been recognized by 
Neumayr, Suess, and others as a distinctive feature of the earth, in a 
general way synchronous the world over. If this view is reasonable it is 
evident that the several continental sections of the belt are synchronous 
in a general sense and may be roughly correlated. It is highly desirable, 
however, to extend the correlation, not merely to continental areas, but 
to individual ranges, if possible. Wherever possible, correlation is here 
based mainly on the physical continuity or persistence in relief of in- 
dividual ranges. Although other things must be considered also, this 
persistence alone assures the correlation of the main ranges for many 
thousands of miles in each of the continents—in the northern hemisphere, 
in three continents in series. Where it is possible to distinguish clearly, 
in a relatively small area, parts of the tectonic systems of two continents 
and to show their continuity and intimate unity this area becomes a 
critical one for correlation. A mountain range that passes through such 
an area without considerable break is a unit in relief and in physical ex- 
pression, and almost certainly in origin, and it is therefore a valid key 
to correlation, at least between those two continents. Alaska is such 
an area. 

Between ranges of continents in opposite hemispheres there may or 
may not be a continuous physical or orographic form. Where this is 
lacking, as it is between Asia and Australia, evidences of a conflict of 
tectonic forces are likely to be found. In such places it is sometimes 
possible to correlate by comparing a succession of ranges in a northern 
continent which show distinguishing characteristics from oldest to 
youngest with a like succession in a southern continent and noting the 
order of arrangement in each. For example, in eastern Asia the oldest 
range is at the north and successively younger ranges are found toward 
the south and east, whereas in Australia the oldest range is at the south 
and west and successively younger ranges are found to the north and 
east. In the two Americas, the cordilleras appears to be nearly con- 
tinuous through both hemispheres, but it may not be strictly continuous 
in the isthmian region. Persistence of distinctive physical characteris- 
tics in ranges which are similarly placed in the succession in opposite 
hemispheres affords a good basis for correlation in accordance with the 
indicated external cause of global diastrophism. 

Other means should, of course, be employed to supplement those men- 
tioned, for the solution of questions of geological age, for example, re- 
quires a knowledge of the fossil content of the rocks, as well as of the 
stratigraphy and the nature of the rocks. A few such aids are briefly 
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referred to below, but in this first attempt at correlation the writer has 


a made no special effort to use such evidence. 
is 
is KEY TO THE PROPOSED CORRELATION 
: For the purposes of this paper, the most important country on the 
: earth is Alaska or, more exactly, Alewtia, which includes all of Alaska 
; west of the mountain angle and that part of Asia which lies between the 
‘ Aleutian Islands and the deep basin of the Arctic Ocean. In this region 
‘ two continents which have widely different scales and intensities of de- 
y velopment in Tertiary diastrophism unite in the simplest and most inti- 
» mate fashion in a grand mountain angle—an intercontinental angle— 
? where mountain ranges pass through from one continent to the other 
: without notable break and without introducing even the slightest con- 
; fusion or uncertainty as to their continuity or identity. The three main 
Tertiary ranges of North America advance in simple and nearly parallel 
i formation from the southeast into Alaska and, turning through a broadly 
, curved angle, pass directly into the region of Asiatic structure, where 
they immediately take on Asiatic characteristics and relations and be- 
come, in fact, Asiatic ranges. In the Rocky Mountains, the place of 
. the angle is not very well defined, but in the Cascade and Coast ranges 


the angle is more sharply curved and is not far from the 147th or 148th 
meridian. The marked change which takes place in tectonic relations 
at or near this line shows clearly that all of Alaska west of the mountain 
angle belongs structurally to Asia. 

Kast of this great angle lies the tectonic province of North America ; 
west of it lies that of Asia. We may say that the North American and 
| Asiatic parts of each main range which passes through the angle area are 
perfectly united and are not in that vicinity notably different, yet within 
a few hundred miles on the sides of that area each range becomes widely 
different in several respects, partly in its form and physical expression 
(festoons, foredeeps, and arcseas in Asia; none in North America), but 
also in the relation of the ranges to the continents and to each other. 

In North America the Rocky Mountains and the Cascade range, for 
example, extend northwestward across British Columbia in nearly 
straight and parallel lines, without notable development of arcuate forms 
or any of their associated features. On the other hand, in eastern Asia 
these forms are developed on the largest scale and in the greatest strength 
and perfection to be found anywhere on the earth. Even if the area 
considered be limited to the Yukon, Alaska, and Aleutia, the contrasts 
between the ranges in the two tectonic provinces are striking. It is 
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evident that two widely different provinces are here intimately united 
without notable break in the area of contact. 

Here, then, is the key to the correlation of the Tertiary mountain 
ranges of two of the northern continents; and a mere glance seems to 
warrant the inclusion of the third continent, for the Tertiary ranges of 
eastern Asia appear to extend to western Asia, and these ranges seem 
to pass directly into Europe. Although irregularity and complexity of 
arrangement characterize the Tertiary ranges of Europe, their tangled 
forms may be unraveled partly by studying their connections with the 
simpler ranges of western Asia. 

But to be thoroughly worth while, this or any other scheme of corre- 
lation must include the Tertiary ranges in the continents of the Southern 
Hemisphere. The study of the characteristics of the Tertiary ranges 
of the northern continents appear to have established certain criteria by 
which the principles of correlation may be carried across the Equator to 
the southern continents to bring all the Tertiary mountains of the earth 
into one system and under one law of formation and distribution. 

This correlation key, like any true key, has its “wards” or subsidiary 
parts, which are essential to its usefulness and which make it inviolable 
by false keys. In North America the Tertiary system includes three 
main ranges and at least one subsidiary range. Even a cursory ex- 
amination makes it seem probable that all or nearly all of these ranges 
are repeated in each of the other continents; and if any of them have 
distinctive characteristics in one hemisphere the occurrence of the same 
characteristics in a particular range in the other hemisphere would 
afford a means of tentative correlation. If careful research proves that 
this tentative correlation is justified, it straightway becomes a key 
to one of the greatest problems of global diastrophism. It can not 
be said that there are no irregularities in the making and in the time 
relations of the ranges—less than four ranges in some places and more 
than four in others, and more or less evidence of lack of synchronism— 
but the irregularities arise from special conditions, have well-defined 
causes and explanations, and are superposed on a background showing 
a tendency to regularity. The application of the key to the other con- 
tinents seems to reveal a tendency to some kind of rhythmic regularity 
in the making and distribution of mountain ranges both in place and 
time, corresponding, apparently, to a similar variation in diastrophic 
intensity. We nearly always find the three main ranges, but associated 
with them we find more or less subsidiary development. The more or 
less regular rhythmic variation of global diastrophic intensity taken by it- 
self might be due to an internal cause, such as Joly’s periods of variation 
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in radioactive intensity, but when coupled with the observed distribution 
of continental movements in latitude and hemispheres, it seems to point 
clearly to an external rather than an internal cause. Let us now pro- 
ceed to apply the key to the Tertiary ranges of the several continents. 


CORRELATION BY CONTINENTAL UNITS 
THE TERTIARY RANGES OF NORTH AMERICA 


General statement.—The ranges of the Tertiary mountain belt in 
North America appear to be more simple in plan than those in any other 
continent, and, partly for this reason, these ranges are here used for 
comparison and correlation. There are four prominent North American 
ranges or systems of ranges: The Rocky Mountains, the Wasatch-Bitter- 
root range, the Cascade-Sierra Nevada range and the Coast range. Each 
range shows a more or less complex formation, but not so complex as to 
obscure seriously its individuality and continuity. The Wasatch-Bitter- 
root range is more irregular and broken than any of the others. Such a 
range could hardly be surely identified as a unit in other continents by 
physical continuity alone. But its individual peculiarities and its con- 
stant position between the correlatives of the Rocky Mountains and the 
Cascade range make its identification fairly sure. 

Rocky Mountains.—The Rocky Mountains extend with considerable 
irregularity, but without serious breaks, from southern Mexico to Bering 
Strait. In Mexico and in Yukon and Alaska, the line is more broken and 
irregular than elsewhere. It runs westward across northern Alaska in 
the Endicott or Brooks range. Offshoots and short outlying ranges, 
like the Big Horn and Little Belt mountains, and the San Juan, and 
Uinta mountains, are not in line with the main range, but appear to be- 
long to the same general system. 

Wasatch - Bitterroot range-——The Wasatch - Bitterroot range, which 
stands 100 to 300 miles west of “the Rockies,” runs roughly parallel with 
them, but is at most places weaker and is much less continuous. This range 
extends northwestward in Canada as the Selkirk, Cariboo, Cassiar, and 
Pelly mountains. Whether or not it reappears in the Kaiyuh Mountains 
or some other of the several low ranges in central western Alaska is un- 
certain. It appears-to extend southward from Utah in weaker, more 
broken forms through southeastern Arizona and southwestern New Mexico. 
It does not appear to be so well developed in the other continents, except 
perhaps, in western Asia and eastern Europe. But possibly it is only 
more difficult to identify in the other continents in the present state of 
knowledge. In South America its identity is fairly clear in about the 
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middle third of the western mountainous border, but beyond that, both 
north and south, it seems doubtful. Its identity in eastern Asia and in 
Australia is at present uncertain. 

Sierra Nevada-Cascade range-—The Cascade-Sierra Nevada range 
seems in general to be much more simple than the Rockies, but it shows 
rather puzzling irregularities in southern California. It appears, how- 
ever, to continue in strong development in the Sierra Madre in Mexico 
and to enter into the mountain knot in the southern part of that country. 
In the United States it extends in fine form and distinct individuality 
through California, Oregon, and Washington. In British Columbia this 
range is called “The Coast Mountains,” but it should not be confused with 
the Coast range mentioned below. In southwestern Yukon and eastern 
Alaska, the Cascade range is continued in the Nutzotin Mountains and 
farther west in the Alaskan Mountains, which include Mount McKinley, 
the highest peak in North America. The Cascade range continues 
through the Alaskan peninsula and the Aleutian Islands to the shore of 
continental Asia in Kamchatka. 

Coast range.—The Coast range or Coast Range system, which is com- 
posed of a group of closely set, generally low, narrow mountain ridges, 
is remarkably continuous from southern Mexico to Alaska, but is in- 
terrupted by an interesting break of about 320 miles at the mouth of the 
Gulf of California.* There are several other minor breaks and irregulari- 
ties in the system, but none that raises serious doubt as to its continuity. 
In British Columbia the true Coast range comprises the islands of the 
Alexandrine Archipelago, extending from Puget Sound to Mount Fair- 
weather. The so-called “Coast Mountains,” which constitute the first 
range inland, are in reality the northward continuation of the Cascade 
range. Between Skagway and Mount Logan, the Coast range proper ap- 
pears to merge into the Cascade range, but at Mount Logan the Coast 
range turns westward and southwestward through the Chugash and Kenai 
mountains and the islands beyond. 

Thus there appear to be three main ranges in the Tertiary group in 
North America, and they are remarkably continuous from southern 
Mexico to Alaska. The subsidiary Wasatch-Bitterroot range is more 
irregular and broken, but it is seen at moderate intervals. The Rocky 
Mountains and the Cascade range may not be easily separated at some 


31. B. Taylor: Marks of southward continental sliding in North America. Biblio- 
graphical Bulletin, Eastern Section Seis. Soc. Amer. Dominion Observatory, Ottawa, 
Canada, vol. III, no. 2, June 1, 1928. Abstract, pp. 43-44. Discusses evidences that 
the southwestward and westward sliding of North America was deflected toward the 
southeast in Mexico, and in this movement the Coast range north of Cane Sen Lucas 
was left behind, making the mouth of the Gulf, and slightly widening the Gulf itself 
toward the south. 


¥ 
i 
va 
ve 


CORRELATION BY CONTINENTAL UNITS 445 


places in Mexico, but both ranges may extend through to the mountain 
knot in the southern part of that country. In the region north of Mexico 
these ranges are roughly parallel and distinct, and the problem is to find, 
if possible, their correlatives in the other continents. 


THE CORRELATIVE TERTIARY RANGES OF ASIA 


Rocky Mountain correlative-—The Rocky Mountains, locally known as 
the Endicott or Brooks range, turn toward the west through an ill-de- 
fined mountain angle in northern Yukon and Alaska, and extend toward 
Bering Strait. The course of the range in Yukon is irregular. It passes 
through an acute angle around the valley of Peel River before turning 
north and west. For 300 or 400 miles before reaching the Bering strait it 
becomes narrower and lower, and its continuation may be found in one or 
more of the mountain ridges that spread toward the west and southwest. 
Remembering that all of Alaska west of the mountain angle belongs 
structurally to Asia, we see that Bering Strait is not in a tectonic or struc- 
tural sense a continental boundary. Being only about 36 miles wide and 
100 feet deep, it is a geographic and political boundary only by relatively 
slight submergence. The strait is part of the broad continental shelf 
which comprises the northeast half of Bering Sea and a larger area in the 
Arctic Ocean. It exists only because the broad crustal mass which moved 
southward and spread to form the Aleutian are sagged in its central part 
and carried the general surface, including the low mountain ranges, 
down to a slightly lower level than the regions on the east and west. 
Similarly, the Stanovoi Mountains in Asia, which extend westward and 
southwestward from Bering Strait, are also lower and weaker for 600 or 
700 miles. Toward Okhotsk and beyond it this range grows stronger 
and seems to continue in the Great Khingan Mountains in Manchuria, 
Mongolia, and northern China. From northern Shansi the main range 
appears to turn westward through the Tatsing Shan, Lang Shan and Ala 
Shan mountains and is much broken, but for 700 or 800 miles farther it 
is still more broken to the point where it connects with the east end of 
the Tian Shan range. 

The Tian Shan is not a simple range, but in places consists of ranges 
arranged en echelon and having spurs running westward deviating from 
the southwestward trend of the main range. Its form seems more like the 
older, irregular mountain masses of Outer Mongolia, but both Neumayr 
and Suess show the Tian Shan range as part of the “young” mountain 
system. Between northern Shansi and the Pamirs it may be represented 
by a line farther south, extending through the Nan Shan and the Altyn 
Tagh, but both Neumayr and Suess seem to favor the northern line. 
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The ranges forming the Stanovoi and Great Khingan mountains, at 
least as far as northern Shansi, appear to be the correlative of the Rocky 
Mountains of North America. Although it is much broken farther west, 
this great range probably does not end in northern China, but extends on 
to the Pamirs through the northern or Tian Shan line. If this is so all 
of this range and the more northerly range running westward through 
the Hindu Kush and beyond to the Caspian Sea, and including the 
Caucasus Mountains, form a correlative of the Rocky Mountains. 

Wasatch correlative-—The Hindu Kush, extending southwestward and 
westward from the Pamirs, soon divides into two closely parallel ranges 
which run northwestward nearly to the Caspian Sea. The northern 
range reappears on the west side of that sea in the Caucasus Mountains, 
which are almost certainly the correlative of the Rocky Mountains of 
North America; the southern range skirts the southern shore of the 
Caspian Sea and is apparently the correlative of the Wasatch-Bitterroot 
range. In the irregular mountain masses of Azerbaijan this range ap- 
pears to lose its identity, but it seems to reappear along the south side 
of the Black Sea, passing South of Trebizond and north of Angora. Its 
relation to the other ranges and its broken, irregular character strength- 
ens the belief that it is the correlative of the Wasatch range. Whether 
this range has a correlative in eastern Asia must remain in doubt unless 
the southern range mentioned above—the Altyn Tagh, the Nan Shan, 
and the broken ranges in Kansu, Shensi and Shansi may represent it. 

Cascade correlative——In certain areas the Asiatic correlative of the 
Cascade range of North America seems more easily identified than that 
of the Rocky Mountains; in other areas its identification is more difficult. 
Through Alaska and on the grand curve of the Aleutian festoon arc, 
the course of the Cascade correlative seems entirely clear. Then, hav- 
ing reached Kamchatka, how can we doubt that the west end of the 
Aleutian are joins directly with the north limb of the next festoon, which 
is the Kurile or Chishima are? At its south end the flat Kurile arc is tied 
to the north end of the Japanese arc in the island of Hokaido. Then 
comes the Japanese arc, which is in turn tied in the island of Kyushu to 
the next or Ryukyu arc; and this, again, is tied in the island of Tiawan 
(Formosa) to the north end of the Philippine-Palawan-Borneo arc. 
This is itself only the eastern limb of a greater arc or earthlobe, whose 
western limb is the Malay peninsula. Farther north the same range ap- 
pears to run along the western border of Siam and northward through 
Burma, between the Salween and Irrawaddy rivers. Stiil farther north 
it appears to be continued in one of the back ranges of the Himalaya sys- 
tem. Here, for the present, its identity is lost, but it probably reappears 
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farther west in the northern range of the Zagros Mountains in Persia, 
in the Taurus and Anti-Taurus mountains in Turkey, and finally in the 
submerged range of the Cyclades Islands. All these festoons and inland 
ranges appear to be correlatives of the Cascade range of North America. 

Post-Cascade intermediate ranges.—Since the beginning of the Cas- 
cade episode which made the festoon arcs of eastern Asia, mountain mak- 
ing was so much more active in that region than elsewhere that many 
intermediate ranges, both great and small, were formed between the time 
of the Cascade and that of the Coast range correlative. The most im- 
portant of these is the great Marianna-Pelew Islands arc, which springs 
from central Japan near Tokyo and runs southward and southwestward 
to the island of Halmahera (figure 2). This are is distinctly newer 
than the arcs of the great festoon system, having been added on the out- 
side of that system, yet it appears to be clearly older than the Coast 
range correlative. Japanese geologists recognize the fact that it is the 
active growth of this new are which causes the high seismicity in central 
Japan. The most complex ranges of intermediate age, however, are in 
the Dutch East Indies, where at least three extra relatively short arcuate 
ranges appear to be mainly later products of the Cascade episode, for 
they appear to be older than the neighboring Coast range correlative. 
For example, what appears to be the main line of the Cascade correlative 
extends from Luzon, in the Philippines, through Palawan to the north 
end of Borneo. But a later line passes from western Mindanao through 
the Sulu Islands to the northeastern point of Borneo, and another from 
southern Mindanao to the remarkable northern arm of the Celebes. Still 
another line less well defined runs from eastern Mindanao southward 
through Talaut to Halmahera. Then, from the heart of the Celebes, 
there are arms that run south, southeast, and east, and there is the 
strikingly similar K-like form in the much smaller island of Hal- 
mahera. The mountain ranges of Borneo are more complex, but show 
a somewhat similar arrangement. The arms of all three of these K-like 
islands open toward the east, as if they had been broken and deflected by 
pressure from the west.* These forms probably arose from a conflict 
of the crustal movements of Asia and Australia. Most of these inter- 
mediate ranges may be of post-Cascadian but pre-Coast range age. 

Coast range correlative-—The Asiatic correlative of the Coast range 
seems very clear in some parts but obscure or missing in others. The 
Coast range turns the mountain angle in the Chugach Mountains of 
Alaska, and extends thence southwestward through the Kenai Moun- 


4A tentative explanation of the making of these peculiar islands was suggested in 
paper no. 1 of the above list, p. 214, and is discussed more fully in paper no. 3, pp. 37-38. 
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tains and through Afognak, Kodiak, and Trinity Islands, beyond which 
it appears to plunge under the ocean. Nothing visible and, so far as 
now known, nothing learned from soundings indicates its course beyond, 
but as earthquakes are, in a sense, the shiverings and growing pains of 
mountains, and as several of the present mountain ranges of the Pacific 
are almost wholly submerged, a clue to the orogeny may be found in 
seismic activity. Lines of major earthquake epicenters that form an 
arcuate pattern on the ocean floor may mark places where mountain 
ranges are either forming or beginning to form. If the nine major 
earthquake epicenters that were determined by Milne, mapped by Reeds, 
and recently discussed by the writer (paper number 8 of the list given) 
mean what they seem to mean they strongly suggest that a new arcuate 
mountain range is now being formed on the ocean floor south of the Aleu- 
tian Islands. The loop outlined by these epicenters is shown in figure 3, 
which is taken from paper number 8. It hangs toward the south from 
the Aleutian Islands and spreads from nearly the same central axis. As 
it leaves Alaska, the are formed by the epicenters falls exactly into line 
with the axis of the Coast range produced toward the southwest. Its 
occurrence in this place, with its axis of dispersion almost coincident with 
that of the are of the Aleutian Islands, is believed to justify this inter- 
pretation. This arcuate seismic pattern was made in a period of only 
thirteen years (1899-1911, inclusive). But besides showing the rela- 
tion of the Coast range to the arc of the epicenters, figure 3 shows the 
perfect continuity of the Cascade range through the arc of the Aleutian 
Islands and the relation of the Rocky Mountains to the Stanovoi Moun- 
tains of Asia. 

The Malay Peninsula appears clearly to be the Cascade correlative in 
the west limb of the Malay Archipelago and the Andaman-Sumatra- 
Java-Flores-Ceram island chain, which is the next range toward the 
front, is just as clearly the Coast range correlative. There are no com- 
plications in this part of the field. In the eastern part, from Flores 
through Ceram to Buru, this range loops around three sides of the 
Banda Sea and ends in the island of Buru, pointing toward the west. 
There is apparently no connecting link between Buru and the are of 
the epicenters south of the Aleutian Islands. Another remarkable line 
of major epicenters of the same period runs northward from the west end 
of the Marshall Islands and turns eastward a little north of the 30th 
parallel of north latitude, but there appears to be no connection toward 
the island of Buru. 

North of the Andaman Islands the probable Coast range correlative 
is the Arakan Yoma, and, as Suess points out, this range laps around 
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Ficure 3.—Map showing Tertiary Trend-lines in Aleutia 


These trend-lines are of the main Tertiary ranges in northwestern North America, with their continuation under other 
names through Alaska and Bering Sea to Asia. Except in the Pelly and Cassiar mountains in southeastern Yukon and 
yet recognized in thie arena. The map shows also the 
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the east end of the Himalayas. Probably the same range produced laps 
in the same way around the west end of the Himalayas also, and con- 
tinues southwestward in the complex ranges that run through eastern 
Afghanistan and Beluchistan, including probably the Sulaiman and 
Kirthar ranges. In the area west of these ranges we find that the iden- 
tity of the Coast range correlative in Asia is not clear until we reach 
the east end of the Mediterranean, where the short and mainly sub- 
merged arcs that include Cyprus and Crete appear to belong to the Coast 
range correlative. 

Post-Coast range ranges.—Suess says that if the main range of the 
Himalayas be counted as number 1, then the Andaman-Sumatra-Java- 
Flores line is number 2. It is noteworthy that the same relation obtains 
between the Mentavei Islands and Sumatra, for if Sumatra is in number 
2, then the chain of the Mentavei Islands must be in number 1, the same 
line as the Himalayas. Number 1 therefore appears to be younger than 
the Coast range correlative in this part of Asia. If the are of the epicen- 
ters south of the Aleutian chain really marks the place of an incipient 
mountain range on the line of the Coast range of Alaska produced, as 
tentatively suggested by the writer in paper number 8, then the arc of 
the epicenters is probably younger than number 1 in the Malay-Himalaya 
region, for, so far as now known, the epicenter arc has not yet developed 
any expression in relief. The epicenters nearest to Alaska fall perfectly 
in line with the Coast range produced, so that the physical continuity of 
the two lines can hardly be doubted. The arc of the epicenters appears 
to represent delayed or arrested development that is now being renewed. 

These comparisons throw some light on the extent of the time in- 
volved in the Tertiary mountain making, for they show that one sector 
of a mountain range may become an outstanding feature before moun- 
tain making in another contiguous sector of the same range has become 
really effective. This lack of synchronism can probably be shown by 
many illustrations, and the fact that earthquakes may be very active in 
one sector while relative quiet prevails in the other nearby sectors is well 
known, yet the uplift of all the main ranges here considered was essen- 
tially limited to a single geologic period throughout the whole globe. 
However, a difference so great as that between the Coast range of Alaska 
and the adjacent arc of the epicenters is probably exceptional. 

It thus appears that the main ranges of the Tertiary belt in Asia are 
clearly correlatives of the main ranges of the same belt in North America, 
but that there has been a considerably greater development of subsidiary 
or intermediate ranges between some of the main ranges, at least one— 
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the Himalaya-Mentavei-Sumba-Timor Islands line—being later than the 
Coast range system. 


THE CORRELATIVE TERTIARY RANGES OF EUROPE 


Old and new methods of study and interpretation.—The correlation 
of the Tertiary ranges of Europe with those of Asia and North America 
presents problems of much greater difficulty. After we have crossed 
Asia we find that all three of the main ranges seen in North America 
appear to be represented in eastern Europe, but the Tertiary crustal 
movements in western Europe were so complex that satisfactory inden- 
tification and correlation in some areas appears almost impossible. In 
the western Mediterranean, correlation is especially uncertain and is 
therefore tentative. Besides one hesitates to enter with a new scheme 
of correlation an area which has already been studied longer and in 
greater detail than any other part of the earth’s surface, even if the 
method of those earlier studies was entirely different from that employed 
in the present correlation. Until recently, the interpretation of moun- 
tain structures in Europe has been based entirely on the study of cross- 
sections. Out of this study have grown many of the principles of modern 
structural geology, based mainly on the results of the study of structural 
problems in the Alps. But viewed in a broad way, the results attained 
are rather unsatisfactory, because they were mainly independent solu- 
tions of special problems and were not susceptible of generalization. 
They revealed no world-wide controlling causal principle, except such as 
is incident to a cooling, contracting globe. It is further a nota- 
ble fact that although the principles derived from studies of cross- 
sections of the mountain ranges in Europe have been successfully applied 
to a few features of mountain growth in other continents and to moun- 
tain structures in general, they have not disclosed any key to the general 
process of mountain formation. Nothing in the contraction hypothesis 
nor anything disclosed by the study of cross-sections has led geologists to 
recognize the great horizontal movements of continents—the one thing 
needed to explain mountain making in general, and to explain in 
particular the observed distribution of the Tertiary mountain belt. 

On the other hand, in his study of the ground plan of the mountain 
ranges of Asia, Suess discovered or half revealed principles and explana- 
tions which are readily applicable to the other continents and susceptible 
of the broadest generalization. Yet Suess himself did not successfully 
apply his principles to any other continent, not even to the whole of Asia. 
He seems to have made no great effort to apply his theory of extensive 
horizontal crustal movement to Europe as he applied it to Asia; he was 
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content to accept the dictum of contemporary European geologists that in 
the Tertiary diastrophism of Europe the crust moved toward the north. 
He failed to develop fully the principles that he had discovered because 
he remained an ardent advocate of the contraction hypothesis and did 
not see how the Tertiary continental movements are related to latitude 
and hemispheres. He derived oceanic abysses from cooling and shrink- 
age, but not increased speed of rotation in Post-Cretaceous time. Under 
the new conception of the cause of the Tertiary horizontal movements 
of the continents (see paper number 6 of the list given) Suess’s method, 
with certain modifications, seems applicable to the whole earth; and 
as it appear# to fit all the other continents that carry the Tertiary 
mountain belt—North America and Asia, Australia and South America— 
why should Europe, which carries a part of the belt, be exempt from 
the same law that governs the rest, even if its application to Eu- 
rope seems more difficult than to some of the other continents? In 
the writer’s opinion, there is great need of a thorough trial of Suess’s 
method in a study of the Tertiary mountains of Europe. Only a first 
and very brief attempt can be undertaken here, but it seems worth while, 
even if the results do not agree with the conclusions heretofore reached 
by European geologists working under the old method. 

Rocky Mountain correlative-—In the Caucasus Mountains we are on 
the border line between Asia and Europe, for the mountains of the 
Tertiary belt change from the Asiatic type to the European type near the 
38th or 39th meridian of east longitude. Suess showed that the Caucasus 
range is continued westward in the Jaila range of the Crimea, in the 
Balkans, the Transylvanian Alps, the Carpathians, the White and Little 
Carpathians to the Austrian Alps, and then around the great curve of the 
Swiss, French, and Maritime Alps to the shore of the Mediterranean. 
The remarkable hiatus between the Maritime Alps and the Pyrenees 
appears to include no feature that suggests a connection between them; 
but, as Suess says, it seems certain that the Pyrenees are a part of the 
same line, and the line probably continues to the Atlantic in the Can- 
tabrian Mountains. Under the present interpretation, the whole line 
extending from the Caucasus to the Atlantic is believed to be the correla- 
tive of the Rocky Mountains of North America. 

Wasatch correlative—Another broken range, weak and irregular, runs 
at first along the south side of the Black Sea, passing south of Trebizond 
and Samsun, and north of Angora, whence it swings to the southwest 
and then to the northwest and appears to cross into Europe at the Darda- 
nelles. Beyond this it seems to extend in stronger form in the Rhodope 
and Perim Mountains in Bulgaria, in the mountains west of the Struma 
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River, in weaker form in the Kara and Kopaonik Mountains and the low 
mountains between the Sava and the Drava rivers, and perhaps in 
stronger form in the Karawanken. Beyond this it has not yet been 
recognized. From its position with reference to the Rocky Mountain 
correlative, from its variations in strength, and from its broken and dis- 
continuous development, this line of ridges is regarded tentatively as the 
correlative of the Wasatch-Bitterroot range in North America. 

Cascade correlative-—Entering Europe from the east, we seem to see 
the correlative of the Cascade range of North America continued from 
the are of the Anti-Taurus and Taurus mountains of Asia Minor in a 
range which runs westward through the Dodecanese Islands, northwest 
through the Cyclades Islands, the Pindus Mountains, the Kapela and 
other ranges to the Julian and Carnie Alps. Beyond this it appears to 
merge into the great mass of the main Alps and to pass with it around 
to the shore of the Mediterranean. 

The identification of the correlative of the Cascade Range in the west- 
ern Mediterranean region seems uncertain, and it will probably be im- 
possible without other information than that afforded by physical con- 
tinuity and group relations, for these are obscure. The high-standing 
Spanish Meseta is one of those older, stiffened mountain blocks which, by 
their unyielding obstruction have in several places modified the simple 
Tertiary mountain making in Europe. Tertiary ranges are squeezed 
against its northern and southern margins, but a rather deep fossa lies 
along each side. If the northern range (Pyrenees-Cantabrian) is the 
Rocky Mountain correlative we may possibly regard the southern or 
Sierra Nevada-Balearic Islands range as of Cascadian age; but this is 
not certain, for this range appears to be the north limb of a rather nar- 
row hairpin loop having its head at the Strait of Gibraltar. The south- 
ern limb of this loop appears to be the Tell Atlas range, which extends 
eastward close to the south shore of the Mediterranean in Morocco and 
Algeria. This loop seems to be isolated, apparently having no clear con- 
nection eastward from either limb, for the mountains of Sicily and 
southern Italy appear to connect with the main line of the Atlas Moun- 
tains of Africa. 

Coast range correlative-—The European correlative of the Coast range 
of North America appears to enter Europe from the east through the 
Cyprian and Cretan ares and extends thence northwestward through 
Morea, the Ionian Isles, Corfu, the Dinaric Alps, the Velebit Mountains 
and the broken arc of the islands of Dalmatia to the Istria Peninsula. 
Beyond this it appears to pass through the Carso and to swing around to 
the north and west to the Venetian Alps. Like the Cascade correlative, 
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this line appears to merge farther west into the main Alpine mass, where 
its identification may be difficult if not impossible. 

In northwestern Africa the southern range of the Atlas Mountains 
forms the front of the Tertiary mountain belt, and on theoretical grounds 
we might conclude that it is the correlative of the Coast range of North 
America. Assuming that this conclusion is warranted and following 
this range eastward we find that it passes through Sicily into southern 
Italy, and thence northward and westward into the Apennines. In Li- 
guria, the Apennines bend to the west and southwest and appear to merge 
directly into the Maritime Alps. Thus, the ranges bordering the two 
sides of the Adriatic Sea form a pronounced hairpin loop, with its head 
in the western Alps, and both arms appear to be correlatives of the 
Coast range of North America. The trough of the Adriatic and the Po 
stands in the anomalous relation of a double foredeep—a foredeep to 
both limbs of the Adriatic hairpin. But the similitude falls far short 
of the great foredeeps related to the festoon arcs of southern and eastern 
Asia. The islands of Dalmatia form a faint are facing the southwest, 
closely comparable in form, relation, and age to the are of the Alex- 
andrine Islands in Alaska and British Columbia. As here understood 
and interpreted, all four of the periods of Tertiary diastrophism (includ- 
ing the Wasatch-Bitterroot period as one) are believed to have entered 
into the great mass of the main Alps, and this may well be one of the 
reasons for their greater bulk and altitude as compared with that of the 
other Tertiary ranges of Europe—the Caucasus belonging properly to 
Asia. 

Another feature may have helped to determine the position, form, and 
greater development of the main arc of the Alps. The islands of Sar- 
dinia and Corsica appear to mark the line of one or more deep meridional 
fractures. Produced northward, this line meets the Apennines near 
Genoa, where that range is dented toward the north, as though it had been 
pressed southward against the end of a stiffened fracture zone, precisely 
as the overridden small mountain range at the Strait of Ormuz indents 
the front of Persia, and for the same reason. It may be that the place 
and the northward or northwestward convexity of the Alps, as well as 
their great strength, is in part due to the great resistance of this obstruct- 
ing feature. This obstruction, coupled with the main southeastward 
crustal movement in western Europe, and the maintenance of the Alpine 
arc in one place through four successive periods of diastrophism, would 
tend to develop the Alps just where they are and in their known form 
and strength. 
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In order to understand the positions of some of the ranges, especially 
those in southeastern Europe, and the direction of the crustal movement 
which made them, we may note that they form a great lobe, which may 
be called the Agean earthlobe. It is nearly as wide and bulges toward 
the south nearly as much as the Iranian earthlobe, in Asia, to which it is 
joined in the re-entrant angle at its east side. This lobe reaches from 
the mountain angle near the 38th or 39th meridian of east longitude 
(south of the eastern part of the Black Sea), westward to the head of the 
Adriatic Sea. It includes the subsidiary, sharply curved arcs of the 
Taurus and Cyprus ranges, the Cyclades and Cretan ranges, and the 
mountains of the Crimea, Turkey, Greece, Albania, Bulgaria, Dalmatia, 
and Yugoslavia, and back of these ranges rise the Transylvanian Alps 
and the Carpathians. The gean Sea and its connections north and 
south break the lobe in its middle part, where the mountain ranges all 
dip below sealevel. The main crustal movement by which this earthlobe 
was made manifestly came from the north, or perhaps a trifle east of 
north, and its divergence from its axis caused the ranges to take the 
broadly arcuate form which they show. The Dinaric Alps and parallel 
ranges form the west limb, which trends northwest-southeast. This 
trend does not indicate movements from the far northeast; it indicates 
only divergence for a relatively short distance from the central axis of the 
lobe. The curves of the ranges in the Balkan-Transylvania-Carpathian 
region might lead us to wonder whether, as some one has suggested, the 
plain of Hungary may not be a low-lying older block, like the Spanish 
Meseta, surfaced over with younger sediments. Tertiary crustal move- 
ments from the north and northeast may have formed mountain folds 
around the stoss side of this block, with backward overthrusting. Corre- 
lation of ranges in the western Mediterranean seems more difficult. 


THE CORRELATIVE TERTIARY RANGES OF AUSTRALIA 


General statement.—The order and distribution of the older Tertiary 
ranges of Australia seem relatively simple, but our present knowledge 
of the form of the sea floor in that region is so scant that the details of 
the courses of the submerged later ranges are hard to follow among so 
many groups and ill defined lines of volcanic islands. Apparently no 
arcuate ranges form a scalloped front like the festoon arcs of Asia; nearly 
straight ranges predominate, but they are somewhat broken. These 
nearly straight ranges appear to be continental structures rather than 
subsidiary arcs, like the festoons. The part of the Tertiary mountain 
belt which is related to Australia extends from points north of central 
Australia, where it is in contact with Asiatic structures, eastward, south- 
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eastward and southward to the vicinity of New Zealand. The crustal 
movement in the Southern Hemisphere was northward and northeast- 
ward, roughly opposite in direction to the crustal movement in the east- 
ern half of Asia, and for this reason the order of the Tertiary ranges is 
reversed. 

Rocky Mountain correlative——The Great Dividing range which runs 
along the eastern border of Australia northward from a point near Mel- 
bourne appears to be the oldest range in the Tertiary belt, and it is there- 
fore tentatively regarded as the correlative of the Rocky Mountains of 
North America. This range, like the Rocky Mountains, is largely older 
than Tertiary, but it was rejuvenated early in the period of Tertiary di- 
astrophism (E. C. Andrews et al.). Under the present scheme of correla- 
tion, these mountains with the Stanovoi, Great Khingan, and Caucasus 
Mountains of Asia and the Carpathians, Alps and Pyrenees of Europe 
are believed to be correlatives of the Rocky Mountains. 

Wasatch correlative—It seems doubtful whether a correlative for the 
Wasatch-Bitterroot range of North America can yet be identified in the 
Australian region. The only feature that seems likely to hold this rela- 
tion is the great submerged ridge that extends southward and southeast- 
ward for nearly two thousand miles from the Avon Islands to the south 
island of New Zealand, and for nearly a thousand miles beyond. 

Cascade correlative.-—North of Australia the Cascade correlative seems 
easy to identify, for the range on the New Guinea-New Caledonia line 
occupies a position and has characteristics that put it into close accord 
with the festoon arcs that are clearly the Cascade correlative in Asia. 
But whether any part of the mountains of New Zealand belongs to the 
New Guinea-New Caledonia line is doubtful. West of New Guinea this 
range enters the tectonic tangle of the Halmahera-Celebes-Borneo region, 
and although its mode of contact is not yet certainly known, a possible 
interpretation of it is given above. Not only in its arrangement, but in 
its magnitude, the mountain building in certain parts of both the New 
Guinea-New Caledonia line and the festoon line of Asia show a likeness. 
For example, in the festoons large land masses that form either islands 
or peninsulas are seen in the Alaskan peninsula, Kamchatka, Japan, For- 
mosa, Luzon, Borneo, and the Malay peninsula. The greater intensity of 
later crustal movements in the Malay region formed several extra moun- 
tain ranges and large appurtenant islands like Mindanao, Celebes, and 
Halmahera. In the Cascade correlative of the Australian system a similar 
type of development is seen in the large islands of New Guinea, New 
Caledonia and, possibly, New Zealand. 
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Besides this seemingly normal representative of the Cascade correlative, 
comprising New Guinea and New Caledonia, there is another line more 
clearly related to New Zealand—a low, submerged range carrying the 
Kermadee and Tonga Islands, and extending a little east of north for 
about 1,500 miles nearly on the main axis of New Zealand produced. 
Paralleling this range on the east are the Kermadec and Tonga troughs, 
the largest and most remarkable foredeeps in the Australian area. They 
lie end to end and appear to constitute one trough, which is continued to 
the south in a smaller trough east of New Zealand. Most of the great 
foredeeps of Asia belong to the Cascade correlative. The submerged 
northward continuation of the New Zealand range, with its remarkable 
foredeeps, may possibly beldng to the same correlative, but its discordant 
trend makes this relation seem doubtful. 

Most of the great festoons are found in Asia, and their formation may 
have been related to the greater magnitude of that continent and to the 
greater extent and depth of its sliding movement. The faster rate of 
movement in Asia (about three times that in North America) may also 
have been a factor. The other continents, which are smaller and moved 
more slowly through smaller distances and to less depths, are not notably 
characterized by arcuate, scalloped fronts or by foredeeps or arcseas. 

In the papers already listed, especially in number 6, it has been shown 
that the structure of the festoons indicates the direction of the crustal 
movement that made them. In general, those of Asia are convex south- 
ward, showing, as Suess maintained, southward movement of the crust- 
sheet. But in certain areas where the arcuate form is not seen, the forms 
produced show in another way the direction of crustal movement. The 
part of the crust-sheet that lies back of the folded marginal range forms 
a sort of “plate” or flat plain, which is not notably folded or faulted but 
is moderately and evenly uplifted. It stands in the place of an arcsea. 
The sea in front of the range is deep, but it may or may not show a 
distinct foredeep. 

For example, compare Sumatra and New Guinea: Sumatra belongs to 
Asia; New Guinea belongs to Australia. Sumatra is a straight section 
in the southwest side of the Malay earthlobe; New Guinea is a slightly 
curved section on the north, mainly submerged margin of Australia; it 
is not part of an earthlobe or even of an ordinary are. In Sumatra the 
bordering mountain range lies along the southwest side of the island, and 
the related crustal “plate” extends toward the northeast, comprising the 
low plain of the island, the shallow Straits and a considerable area of the 
South China Sea. In Java the plate on land is narrow, but it comprises 
most of the bed of the Java Sea. As now known, Sumatra seems to have 
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no distinct foredeep, but Java has a narrow one outside of a narrow, sub- 
merged frontal ridge (number 1 of Suess’s order of ranges in the Malay- 
Himalaya region). 

New Guinea shows the same relation of range and “plate,” but in 
reverse. It is not strictly typical, for although its mountain range is 
near the north coast in the east half of the island, it swings toward the 
south side in the west half. This aberration, however, is not serious, for 
most of the plate or low plain of the island lies southwest of the range 
and includes nearly all of the shallow Arafura Sea, the Gulf of Carpen- 
taria, and Cape York peninsula. Thus, each island is similarly related to 
its continent, but the continents are in opposite hemispheres and the 
direction of the mountain movements in them were therefore roughly 
opposite. The islands, like their respective continents, may be said to face 
in opposite directions: Sumatra toward the southwest, New Guinea 
toward the northeast. In each island the tectonic relations show unmis- 
takably the direction of the continental crustal movement the mountain 
range in each forming the front of the moving continental plate. 

Post-Cascade intermediate ranges.—Outside of the New Guinea-New 
Caledonia line, another submerged range takes a closely parallel course 
and passes through New Mecklenburg, the Solomon Islands, the New 
Hebrides and appears, by a sharp turn to the northeast, to extend to the 
Fiji Islands. This range seems to belong to about the same period 
of mountain making as the Marianas-Pelew intermediate line, north of 
the Equator. The correlative connections of several submerged ranges 
north and east of New Zealand still remain in doubt. 

Coast range correlative-—With our present scant knowledge of the sea 
floor, the Coast range correlative is not easy to identify. A chain of 
islands that runs eastward through the Caroline group, and another that 
runs southeastward from the Marshall Islands to the Samoan group 
and continuing probably in the Cook and Tabuai Islands may mark 
ranges that belong to the Coast range correlative. A comparison of their 
position in the Tertiary group with the positions of the ranges in Asia 
seems to suggest this correlation. A short range carries the Society 
Islands, and a longer range farther north runs eastward through the 
Tuamotu or Low Islands. In their position and orientation, these ranges 
seem almost beyond the reach of the influence of the Australian move- 
ment. They may have been formed by a submerged crustal movement 
directly from the south. The mainly submerged Hawaiian range runs 
in a straight line nearly 2,000 miles west-northwestward from Hawaii. 
Its place, its straightness, and its orientation make it impossible to see 
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any continental relationship for it, unless it be with Australia. But 
one can hardly feel confident of a connection so remote. 


THE CORRELATIVE TERTIARY RANGES OF SOUTH AMERICA 


General statement.—The difficulties of correlation seem to reach a 
climax in South America and the Caribbean Sea. In South America one 
meets at the outset a condition which is not seen in any other continent. 
Except in a relatively small area at the north and northwest and in 
Bolivia, all the Tertiary ranges are crowded close together in a space 
so narrow that it is only on the best maps that one can distinguish them.® 
Except for about 800 miles at its north end, the whole western border 
of the continent, with a frontage of nearly 6,000 miles, looks like one 
massive mountain range. Only in the central part, most notably in Peru 
and Bolivia, is there a more distinct separation of ranges. In its broadest 
part, in the mountain area in central Bolivia, it is four hundred to five 
hundred miles wide. The wider mass lies mainly in southern Peru, cen- 
tral Bolivia, northwestern Argentina, and northern Chile. 

Rocky Mountain correlative-—The main eastern range, known as the 
Cordillera Real, stands apart in the central area of the Andes, and on 
most maps it appears to be limited at the north and south, but it has 
weaker extensions in both directions. It is separated from the later 
ranges on the west by the Great Valley, in which lie lakes Titicaca and 
Poopo. A comparison of South America with North America suggests 
that this range is the correlative of the Rocky Mountains. The Cordil- 
lera Real appears to extend in weaker form toward the northwest and 
north, under the name of the Cordillera Oriental. In Ecuador it ap- 
pears to be missing, or else it is obscured by being closely crowded by 
the later ranges. In Columbia and Venezuela it stands forth as a clearly 
developed single range, and trends northeastward as the Sierra Nevada 
de Merida, and then eastward along the coast, finally passing through 
the northern part of the island of Trinidad. Then, apparently, it 
swings sharply around to the north through the islands of Tobago, Bar- 
bados, and possibly Barbuda. In Venezuela it appears clearly enough to 
be the correlative of the Rocky Mountains, but after it turns away north- 
ward, its correlative relation is hard to decipher. 

In central Peru, the Rio Yucayali drains part of the Great Valley to- 
ward the northwest and, at a point about two hundred miles from 


5 For most areas, the relief maps in ‘“‘Goode’s School Atlas” (Rand, McNally & Co., 
1925) serve the purpose very well, but tne scale of the map of South America is too 
small to show the separate mountain ranges along the Pacific coast. The larger scale 
of the relief maps in “The Times Survey Atlas of the World” (J. G. Bartholomew, 
London, 1922) are much better. 
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Cuzco, makes a sharp bend to the east and north, where it breaks through 
the Cordillera Oriental. South of Bolivia this range grows weaker and 
more broken and seems to disappear as a topographic feature south of 
the 42nd parallel. 

Wasatch correlative-—Next toward the west is the Cordillera Central. 
This range is somewhat more broken and is variable in its strength, 
especially north and south of the great mountain mass in Peru and 
Bolivia. From these characteristics it is believed to be the correlative 
of the Wasatch-Bitterroot range in North America. 

Cascade correlative-—Next on the west is the great range of the 
Cordillera Occidental. South of central Peru this range is called the 
Cordillera los Andes. This is the main great range or backbone of 
South America. Its chief characteristics and relations indicate that it 
is the correlative of the Cascade range of North America. In Colum- 
bia, where the Tertiary ranges branch off as separate individuals, tle 
Cordillera Occidental is distinct, but it is somewhat weaker than the 
two ranges east of it. South of the 27th or 28th parallel of south lati- 
tude the combined mountain mass is much narrower, and the Cordillera 
los Andes constitutes the main range, but it grows weaker and lower 
toward Terra del Fuego. 

Coast range correlative-—The correlative of the Coast range of North 
America seems not hard to distinguish, but it is fragmentary and poorly 
developed north of the great angle. It appears to be represented by a 
low, broken range near the coast, seemingly more like foothills to the 
great mountain masses east of it than a separate mountain range. It 
seems to be better developed in the south than the north, running south 
from near Iquique almost continuously to Cape Horn. In southern 
Terra del Fuego, it is marked by the Cordillera Darwin, with peaks ris- 
ing to heights of more than seven thousand feet. Along the heavily 
glaciated coast south of Puerto Montt it follows the line of the outer 
islands, just as its correlative does on the glaciated coast of British 
Columbia and southeastern Alaska. North of Iquique, this range ap- 
pears to be represented by only a few short sections, such as that mid- 
way between Mollendo and Callao, the Amotope Mountains at the 
north end of Peru, a section in Ecuador, and the Cordillera de Choco, 
in western Columbia. Whether or not these weak fragments really repre- 
sent the correlative of the Coast range of North America is perhaps some- 
what doubtful, but their interpretation as such seems at present the 
best one available. 
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Several other interesting features produced by the horizontal move- 
ment of South America in the Tertiary diastrophism merit more care- 
ful consideration than they have yet received, but as they have no spe- 
cial bearing on problems of correlation they are not discussed here. 


THE TERTIARY RANGES OF CENTRAL AMERICA AND THE ANTILLES 


The mountain ranges of the Caribbean region present problems of 
correlation whose solution seems more uncertain than those of any 
other part of the Tertiary mountain belt. The three or four closely set 
ranges that turn northward from eastern Venezuela and pass through 
the Windward and Leeward Islands appear to be the submerged con- 
tinuations of the Tertiary ranges of the mainland of South America. 
But if we take the correlations applied to the ranges on the mainland 
and follow them northward through the curving are of the islands, keep- 
ing the same chronological order, we attain a peculiar result. The 
Sierra Nevada de Merida seems clearly enough to be the Rocky Moun- 
tain correlative, and it is hard to see how it can be anything else as it 
passes out through the island are. It forms the easternmost range of 
the group in the are. Normally, the next range to the west would be 
the Wasatch-Bitterroot correlative; then we should have the Cascade 
correlative, and finally the correlative of the Coast range, but it seems 
doubtful whether the Wasatch-Bitterroot range is represented. At any 
rate the next range west seems to be the strongest of the group, and is 
believed to be the Cascade correlative. It includes the islands of 
Grenada, Saint Vincent, Saint Lucia, Martinique, Dominica, and Guade- 
loupe, and it appears to be a single range to this point. Here it divides 
into two lines, which curve around northwestward to the Virgin Islands 
and Porto Rico. The eastern line seems to include the east half of 
(ruadeloupe, Antigua, and the main group of the Virgin Islands; the 
western line includes the west half of Guadeloupe, Saint Christopher, 
and Saint Croix. The islands of Curacao and Bonaire, off the coast 
of Venezuela, and two others farther east and apparently in the same 
line, appear to belong to the Coast range correlative. But this line 
seems to have no representative in the are farther east and north. 

A submerged ridge which extends southward from Saint Christopher 
Island to a point about 150 miles west of Saint Vincent might be re- 
garded as the Coast range correlative, but it is slightly convex toward 
the west rather than toward the east, and it appears not to belong to 
the island are system. This ridge, with its deep basal parts, may have 
been a resisting obstacle, and as the crust-sheet of South America, in- 
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cluding a considerable area of the sea floor north of Guiana and Brazil, 
moved westward or northwestward the ranges of the island are may 
have been crumpled up along its forward margin in the sea as on the 
mainland, being pressed around the east side of this obstacle. 

What at first sight appears to be a promising alternative explanation 
would ascribe the closely set arcs of the Lesser Antilles, which are con- 
vex toward the east, to an eastward crustal movement along the axis of 
the Caribbean Sea. But this suggestion does not work out satisfac- 
torily, for while such a movement would be theoretically sound in its 
relation to the arcs of the Lesser Antilles, it would be clearly in sharp 
conflict with the explanations already made in South America and in 
the other continents. The alternative is suggested by certain features 
in the Malay earthlobe, for the plan of the ranges of the Lesser Antilles 
bears some resemblance to the plan of that part of the Malay earthlobe 
which extends eastward from Sumatra to the Banda Sea. 

The plan of the arcs of the Lesser Antilles appears to correspond in 
form to the are that extends around the south, east and north sides of 
the Banda Sea. But in spite of this seeming correspondence, it appears 
certain that this interpretation will not hold, for if we keep the same 
chronological order for the formation of the ranges with reference to 
the direction of crustal movement that we have found elsewhere we see 
that the order of the making of the ranges in the Lesser Antilles would 
be reversed—the most westerly instead of the most easterly would be 
the oldest, and would be the correlative of the Rocky Mountains. This 
result would be clearly in conflict with the interpretations made in 
Venezuela and the rest of South America. If the submerged ridge that 
runs south from St. Christopher was a resisting obstacle the situation 
would be like that of the Alps in Europe—ranges pressed around a 
resisting obstacle so as to be concave forward instead of convex with 
reference to the direction of crustal movement. 

Mexico, Central America (at least as far as Nicaragua), and the 
Greater Antilles appear plainly related to North America rather than to 
South America. The Caribbean basin appears, therefore, to be a region 
of crustal movements converging from more than three sides—south, 
east, west and in the west from the northwest. The relatively great 
depth of the Nares deep north of Porto Rico and the Virgin Islands 
need not stand in the way of this conclusion, especially when it is remem- 
bered that the greatest sea-depths are only a small fraction of the depth 
to the subcrustal viscous layer on which the continental crustsheets are 


supposed to move. 
Under this interpretation the correlative Tertiary ranges of the Carib- 
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bean region pass around from South America through the Lesser and 
Greater Antilles to North America without any disturbance or reversal 
of their chronological relations with reference to the direction of crustal 
movement, making the outside range all the way around the correlative 
of the Rocky Mountains and the inner ranges correlatives of later date. 

In the Caribbean region we see several examples of mountain mak- 
ing which show characteristics like those seen in Sumatra and New 
Guinea. In Venezuela the Sierra Nevada de Merida trends eastward 
close along the northern coast, and the low plain of the interior south 
of it is the “crustal plate” behind the range. Both of these features 
extend to the Island of Trinidad, where the range runs along the north 
edge of the island and the plate stretches away to the south. 

In eastern Mexico, Guatemala, Honduras, and Nicaragua most of the 
mountain ranges are convex toward the south, and evidently belong to 
North American structure, as stated by Suess and more recently by 
Schuchert. The low plains of the State of Tabasco and the Yucatan 
Peninsula, with the shallow sea floor offshore to the north and west, 
appear to constitute the plate behind the ranges of southeastern Mexico 
and Guatemala. Similarly, the low plains of Nicaragua and Honduras, 
with the shallow sea floor offshore to the east, appear to stand in the 
same relation. In Cuba the significant mountain range is not the low 
ridge extending through the central part of the island, but the Sierra 
Maestra, the sharply defined east-west range near the southeast end of 
the island, with its submerged westward extension through Grand Cay- 
man. The rest of the island, the shallows around it, and probably those of 
the northern Bahamas, constitute the plate back of this range. From this 
point of view, the Sierra Maestra, with the ranges in northern Haiti and 
in Porto Rico, appear to be correlative of the Rocky Mountains, 
and the more southerly ranges of southern Haiti and of Jamaica are prob- 
ably correlatives of later date. The relief features of Porto Rico seem 
to stand in the same relation, but its plate is very narrow and has no 
extension in a shallow sea. Haiti and Jamaica appear to have no plate 
associated with them, yet they seem related to North America rather 
than to South America. Even the Cordillera de Talamanca, in Costa 
Rica and western Panama, appears from its southward convexity to have 
a North American source. Thus, the plate and its associated mountain 
range face toward the north in Venezuela, but toward the south in 
Mexico, Central America and Cuba, or in opposite directions, like those 
noted in Sumatra and New Guinea, and for the same reason. 


XXX—BULL. GEOL. Soc. AM., VoL. 41, 1930 
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THE ORDER OF THE Four TerTIARY RANGES 


The fact that there are four Tertiary mountain ranges in all the con- 
tinents which carry the Tertiary mountain belt—in some areas more, 
as in the western Pacific; in a few areas perhaps not so many, as in 
the southern part of South America—raises questions of great interest 
and importance. Why this tendency to just four Tertiary ranges, and 
what is its meaning? In North and South America, in the western 
half of Asia and almost as clearly in Australia, the four ranges are 
roughly parallel. The ranges are somewhat irregular, and the space 
between them varies considerably, yet, on the whole, they are roughly 
parallel. This parallelism, however, is largely lost in eastern Asia and 
the neighboring parts of the Pacific Ocean. In Europe, parallelism is 
suggested in a few short ranges, but is mostly lost in large breaks and 
in curves and mergings which show little parallelism. The intercon- 
tinental regions, such as the Mediterranean, the Malayan, and the Carib- 
bean regions, where oppositely directed crustal movements came into con- 
flict, show confusion rather than harmony in the plan of the Tertiary 
ranges. In the Mediterranean, the crust-sheet of Europe moved partly 
against Africa, which remained unmoved and acted as a resisting obstacle. 
Partly, also, it underthrust Suess’s Western Tethys and formed the 
Atlas Mountains of northwestern Africa. 

After all irregularities and apparent departures from the four-range 
type of development have been noted the fact that this type is clearly 
dominant can hardly fail to have deep significance in an inquiry as to the 
nature and the cause of continental sliding and mountain making. But 
its significance can be fully realized only after certain other closely 
related facts are recognized. A study of the distribution and characteris- 
tics of the ranges seems to show that the order of development is the 
same in all the continents. In North America the Rocky Mountains 
appear to be the oldest Tertiary range; the Wasatch-Bitterroot is next, 
the Sierra Nevada-Cascade third, and the Coast range last. Thus, 
although it is the outer or front range, the Coast range is the youngest 
or newest of the group; and this order of age applies to the correlatives 
of these ranges in both of the other northern continents. Not that 
the earliest range was completed before the next one was begun, and so 
on through the group, but that in a rough way the main growth of 
the ranges began progressively later in time toward the western front. 
Perhaps none of them, however, is yet entirely completed in the sense 
that it has ceased to grow. Apparently, all the ranges are still growing 
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FIGURE 4.—Continental Sections of the Tertiary Mountain Belt as now understood 


Presented after the manner of Neumayr, as shown in figure 1, but with 
modifications in the Pacific region and the bordering continents, especially in 
Australia. 
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more or less, but on the average the Coast range is newer and is now 
growing more rapidly than the Cascade range, and so on. 

In some places an older range may for a considerable time grow more 
rapidly than a younger one. For example, if the are of the major 
epicenters south of the Aleutian Islands is pictured above with substan- 
tial correctness it should be regarded as a correlative of the Coast range 
of North America, and as it is now so extremely immature in its de- 
velopment as compared with other parts of the same range in North 
America, we are led to believe that this part of the Coast range has 
been greatly delayed in its development in the near past, and that for a 
considerable stretch of recent time the Aleutian arc of the Cascade range 
was growing more rapidly. 

Rapid mountain growth finds expression in greater intensity of earth- 
quake and volcano action, and these indicate that the Coast range the 
world over is now growing more rapidly and was formed more recently 
than any of the other Tertiary ranges. Java, with its so-called “fire 
line,” and the undulatory crustal movements in Timor, described by 
Brouwer, seem to show present active growth. The Himalayas and other 
young ranges show rapid growth by their great height and by more 
intense seismic activity. There are apparently some well-marked ex- 
ceptions to this rule, especially in certain of the festoon and inland ares 
of Asia, and perhaps in South America also, but our knowledge is still 
too scant to enable us to measure these exceptions accurately. Neverthe- 
less, a strong supplementary basis of correlation may some day be de- 
veloped. 

Supplementing the conclusions already reached from a study of the 
continuity and distribution of mountain ranges with reference to lati- 
tude and hemispheres, the order of the making of the ranges seems to 
point to other important conclusions. They show that, considered with 
reference to the direction of continental sliding, the younger ranges are 
formed on lines successively farther forward or in front of the older 
ranges. For example, North America, sliding toward the southwest, 
made first the Rocky Mountains. Then, continuing to slide in the same 
direction, it made the Wasatch-Bitterroot range. Thus, the orogenic 
forces, in whatever way they may be propagated in the depths, passed 
under the Rocky Mountains to a position farther west before making the 
next range. Then, in forming the Sierra Nevada-Cascade range, they 
passed through the depths under both of the previously made ranges, and 
finally, in making the Coast range, the continental thrust, with its 
orogenic forces, passed under all three of the earlier ranges. 
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Thus, mountain making appears to involve some kind of forward 
underthrusting in the depths, such that after a given mountain range 
has been made, a continuance or increase of the sliding impulse in the 
same direction causes further mountain growth, not mainly by added de- 
velopment on the line of the range already made, but on a new line 
farther forward in the direction of the main or general movement. Thus, 
the newest range of a growing mountain system is always found at the 
front, commonly facing a deep ocean basin, but in some regions, as in 
the Himalayas, crowded severely against a resisting, obstructing land 
mass. In Europe the complications are so great that the relations of 
the ranges can hardly be successfully analyzed in the present state of 
knowledge. Africa, Arabia and India appear to have stood unmoved 
and mainly unaffected, except for a few meridional rifts and a part of 
the main forward underthrust that passed under the western part of 
Suess’s Tethys to make the Atlas ranges. (Compare figure 3 with 
figure 1.) 

The correlation between the two great groups of physical features in 
the Northern Hemisphere—the deep basin of the Arctic Ocean and the 
lesser basins of the seas east and west of Greenland on the one hand, 
as against all the tremendous development of folded Tertiary mountain 
ranges at the south on the other hand—appears to be so simple and 
clear that it can not be ignored. Neither Wegener’s hypothesis nor any 
other known to the writer makes adequate use of this simple interpreta- 
tion of these features nor reaches through this interpretation to their 
true global significance. The two groups of features stand in the com- 
plementary relation of proximal and distal forms or products. The 
basins in the north were produced by tension, by the breaking and pull- 
ing away caused by the same continental crustal movement that produced 
the great folded, uplifted mountain ranges that form the southern bor- 
ders of all of the northern continents. And if this be true, then the 
making of the newer Tertiary ranges by forward underthrusting through 
the depths beneath the older Tertiary ranges follows as a natural con- 
sequence. 

What has caused the tendency to make four main ranges, instead of a 
different number? Two explanations seem possible. First, the sliding 
of the continents and the making of the various resulting products— 
disjunctive basins, mountain ranges, plateaus, foredeeps, arcseas and 
the rest—involved stresses, locally minute but vast in the aggregate, 
that affected almost the whole crust and the outer part of the sub- 
crustal mass of the earth. While new stresses may be set up at any 
time, the stresses that are in operation at any given moment are later 
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relieved by the movement of the mass they affect and by the making 
of the various products of that movement; and it is perhaps con- 
ceivable that the relief of this stress, even if the force causing it were 
absolutely constant, might take place unevenly, recurrently or per- 
haps in a broad sense periodically. But what reason can there be for 
the harmonious repetition of this manifestation—the four-range type of 
mountain belt development—in all three of the northern continents, and 
in the two southern continents also? 

This problem is obviously not easily soluble at present and it seems 
that there is much greater hope of progress in its solution by assuming, 
secondly, that the four-range type of development is due to some rela- 
tively long periodic variation in the astronomical force that caused and 
controlled the whole process. The four-range type of development ap- 
pears to add another factor to the evidence that points to an astronomi- 
cal cause for the sliding of continents and the making of mountain 
ranges. The so-called Tertiary mountain-making movements began 
some time in the late Cretaceous, say, roughly, about 60,000,000 years 
ago, but the action of the deforming force may have begun considerably 
earlier, for it would naturally take effect first, not on the rocky crust 
but on the water of the hydrosphere. Its effect would be immediate and 
would be complete long before the rocky crust would be notably de- 
formed. This first deformation may be recorded in the Great Trans- 
gression of the Cretaceous sea over the lands of low-middle and tropical 
latitudes, while at the same time the sea fell away from high latitudes. 
Concerning this transgression Schuchert says.” 


“The Cretaceous was the time when the oceans spread over the peneplained 
lands apparently more widely than at any other known geologic period. Suess 
first pointed out this great marine spreading.” 


This probably took place in middle Cretaceous time or earlier, say 
roughly, 65,000,000 or 70,000,000 years ago. 

The fourth Tertiary range (the Coast range) seems to be still decidedly 
immature—perhaps half made or less. If this be true, then in the 
absence of any conclusive adverse reason, we may assume as a matter 
of temporary convenience, that the diastrophic process was roughly peri- 
odic in very long periods, and that the remaining three ranges divided 
the rest of the time into nearly equal parts or periods of 12,000,000 to 
15,000,000 years each. The climaxes of mountain growth would then 
be separated by time intervals of this duration. Each period would in- 


7 Pirsson and Schuchert: Text-book of geology, 1915, p. 889. A map of the world 
on the Mercator projection, showing extent of transgression of Cretaceous sea, is given 
on p. 891 as fig. 488. 
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clude a time of active growth and a time of quiescence. According to 
this view, it is something like 6,000,000 to 8,000,000 years since the 
Cascade range reached the high climax of its growth, and after a fol- 
lowing period of quiet, the Coast range began to be uplifted, but has 
now attained only moderate development. 

No attempt is made here to evaluate the difference in the relative power 
of the mountain-making force at and between the climaxes of maximum 
intensity, or to determine whether the high climaxes were relatively short 
and the low ones relatively iong, as many have held and as seems to com- 
port best with our idea of peneplanation. However, we must postulate 
some sort of recurrence or periodicity in Tertiary mountain making in 
order to explain the dominant four-range type of development as it oc- 
curs in all five of the continents. 


THE PROBABLE ULTIMATE CAUSE OF CONTINENTAL SLIDING 


Extended consideration of the cause of the sliding of continents and of 
the making of the Tertiary mountain ranges does not lie within the scope 
of this paper, but as the writer’s hypothesis on this subject is already in 
print in brief form in several of the earlier papers listed, it seems desir- 
able to make a short statement concerning it. The subject is treated 
most fully, but only very briefly, in paper number 6 of the list given. To 
summarize: The causal force is identified with the tidal forces of the sun 
and the moon acting through the elastic distortion and recovery of the 
so-called body-tide in the rigid body of the earth. The tidal force is 
supposed to do its work, not directly but indirectly, by slowly increasing 
the speed of the earth’s axial rotation and increasing correspondingly the 
centrifugal force arising from the rotation. Manifestly, the centrifugal 
force acted with greater power upon the crust of the earth and upon con- 
tiguous layers close below the crust than upon the earth’s deeper parts, 
and so tended to cause the crust in high latitudes to slide toward lower 
latitudes in both hemispheres. This movement produced disjunctive 
tension in high latitudes and folding and uplifting by compression in 
lower latitudes. In this process the part played directly by the moon 
is greater than that played by the sun, for, as already stated, the mean 
tidal force of the moon’ is about two and one-fifth times greater than 
the mean tidal force of the sun. The so-called Tertiary diastrophism 
appears to have begun late in Cretaceous time and to have affected the 
whole crust of the earth at one time, but before that, in early and 
middle Cretaceous time, the Great Transgression of the Cretaceous sea 
occurred. 


; 
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The evidence appears to show that the deforming force came suddenly, 
not by long development. The problem is to find the cause of a sudden 
increase in the power of the tidal force. So far as now appears, such an 
increase could be accomplished only by the sudden capture by the earth 
of a relatively large tide-producing body and its installation and reten- 
tion as a satellite. The moon is just such a body and it is relatively 
large for a satellite, because the ratio of its mass to that of the earth (1 
to 81) is greater than the ratios of other large satellites to their primaries. 
Astronomers apparently still hesitate to accept capture directly out of 
space as the natural and only mode of origin of satellites, and they are 
not ready to accept the body-tide of the earth as the cause of axial rota- 
tion, although they have no acceptable explanation of their own to offer. 

If we suppose that the moon was captured directly out of space in 
early Cretaceous time and has been retained ever since as the earth’s 
satellite, we can explain the Great Transgression of the sea in early 
and middle Cretaceous time and the sliding of continents and the making 
of mountain ranges through subsequent periods. In the writer’s opinion, 
the origin of satellites by capture directly out of space has not been prop- 
erly and sufficiently studied. Geologists are certainly justified in looking 
to astronomers to explain the cause of axial rotation. If the astronomers 
fail to help them the only course left open to them is to make theoretical 
tentative assumptions, such as have been done here and in the earlier 
papers listed. 


RESIDUAL PROBLEMS 


Besides the problems of capture and axial rotation, there are other 
important questions to be answered. Among them are those relating 
to the conditions of movement and readjustment in the earth’s crust, 
especially the conditions in the layers that extend down to depths of a 
hundred miles or more beneath the surface. Without adopting his 
other ideas, the writer is strongly inclined to accept Chamberlin’s theory 
of “Elastasy” rather than Pratt’s or Airy’s “Isostasy.” Some think the 
continents float, but to the writer they appear to slide on a stiffly viscous 
basal layer, without hydrostatic balance. Bowie’s idea of isostatic convec- 
tion in the earth’s rocky crust seems fanciful and without adequate sup- 
port. No doubt isostasy would come into play under conditions of more 
intense disturbance of equilibrium; but, the writer is unable to see that 
isostasy has played a notable part in the so-called Tertiary diastro- 
phism. The great changes appear to have followed the laws of elastasy 
rather than those of isostasy. Certain unimpeachable facts weigh heavily 
against isostasy, but they are commonly ignored. For example: The 
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classical argument for isostasy is the deep and narrow geosyncline filled 
with shallow water sediments (mainly fluvial) in some places to depths 
of 40,000 or 50,000 feet. This geosyncline is pictured as due to de- 
pression caused by the weight of the sediments poured into it. But the 
existence of several remarkable wnfilled foredeeps that parallel the fronts 
of the island arcs of eastern Asia make this theory of the formation of 
geosynclines nugatory. The foredeep of the Ganges is filled to the 
brim mainly with fluvial sediments, estimated by Suess to be seven 
kilometers deep. But the unfilled foredeeps in front of the festoon arcs 
in the Pacific Ocean show that the Ganges foredeep would have been 
formed even if no sediments whatever had been poured into it. The 
Himalayas rise to their great heights because the tremendous horizontal 
pressure from the north is there deflected to the vertical ; and as the range 
rises from the depths, it drags some of the potentially viscous subcrustal 
matter up into itself from under the fracturable crust beyond or south 
of it. As this goes on, the part of the fracturable crust that overlies the 
depleted zone in front of the arcuate range sinks down to fill the threat- 
ened void, and so makes the foredeep. This mode of origin shows why 
foredeeps generally occur in front of arcuate ranges, and also why they 
curve in close sympathy with those ranges. It also shows why numerous 
and severe earthquakes are associated with foredeeps, and why volcanoes 
never occur in such association, being confined to the rear or concave side 
of the arcuate ranges (Suess). 

Another important question, raised especially by the writer’s theory 
of the four correlated Tertiary ranges and the order of their making, 
relates to the mechanism of the broad, deep, forward underthrusting in- 
volved in the making of the mountain ranges as a consequence of the 
sliding of the continental crust-sheets. This underthrust so operates that 
the youngest range is always forming at the front by forward under- 
thrust beneath the older ranges. If the continental sliding and the 
resulting underthrust be rather feeble, as best exemplified in South 
America, and nearly as well in North America, the interval between suc- 
cessive ranges is relatively narrow. The interval between the Coast range 
and the Sierra Nevada-Cascade range in North America is a good illus- 
tration. But if the continental sliding and underthrusting are notably 
vigorous the interval between the successive ranges may be relatively very 
wide, as in eastern Asia and Australia. In part the older ranges move 
forward more slowly than the deep, underthrust mass beneath them; 
but in part they ride forward on the back of the deeper, forward-moving 
mass. An effective obstruction to the forward movement at the front 
intensifies the vertical deflection. This effect is seen in the range of the 
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Himalayas. An easier path of forward sliding, involving less resistence, 
results in lower mountain ranges, as seen in the Malay Archipelago. 


CoNCLUSION 


The scheme of correlation here presented is based on facts relating 
chiefly to the distribution of tension and compression which are pre- 
sumed to have been the results of the horizontal sliding of continental 
crust-sheets. If the facts in a given field are of several classes and have 
widely different characteristics, the problem of interpreting them may be 
difficult ; but the main facts here considered are of only two simple classes, 
and they are so clearly related as opposites and correlatives that there 
seems little likelihood of mistaking their meaning. The correlative 
relations appear to indicate that in the so-called Tertiary diastrophism 
the continents moved from high toward lower latitudes in both hemi- 
spheres. If this be true we have in this process of global deformation 
and mountain making not only a powerful instrument of eliminating 
other hypotheses but a firm foundation for many of the other interpre- 
tations and conclusions here presented. The four-range type of develop- 
ment, illustrated by the four main Tertiary ranges identified as correla- 
tives in each of the five deformed continents, seem to fall perfectly into 
place in the general plan of the post-Cretaceous evolution of the earth’s 
continents, mountain ranges, and other features. 

The original correlation between the observed effects of tension and 
compression in high and low latitudes, respectively, appears to be strong 
enough to warrant its use as a basic principle in the search for the 
ultimate cause of continental sliding, and if we follow the lead which it 
seems to suggest we find that cause in tidal force and that alone. The 
recognition of this causal force eliminates all other postulated causal 
forces, for no internal or local force can be imagined as acting in har- 
mony with the observed continental movements or with the distribution 
of the Tertiary mountain ranges. 

The study of the same effects and their distribution in time seems 
to point clearly to a relatively sudden and world-wide beginning for the 
action of the deforming force. But although sudden in its beginning, its 
effect on the crust of the earth was, of course, extremely slow when 
measured in years, probably requiring several millions of years to get 
under way and produce notable crustal deformation. But even in the 
first month of its action, the deforming force would produce a marked 
change in the figure of the hydrosphere. The ocean would change its 
figure quickly, and if the newly disturbing force continued in action with 
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the same power the new figure would become relatively permanent. The 
greater eccentricity of the moon’s orbit at and following the event of cap- 
ture must have produced much greater oceanic tides than are now 
observed. 

The great transgression of the Cretaceous sea over the land and the 
subsequent beginning of the so-called Tertiary deformation are believed 
to be closely related facts, which together make a strong demand for a 
sudden and relatively large increase in the power of the deforming 
foree—a demand which could be met only by the capture and retention of 
a large satellite by the earth in early Cretaceous time. 

It is believed that the lunar tidal force has been acting on the earth 
continuously ever since early Cretaceous time, when the moon appears to 
have been first captured. It is still acting and is the chief cause of 
earthquakes and volcanoes, and also of certain permanent changes in the 
latitude and longitude of points on the earth’s surface. Such, it is be- 
lieved, it the pedigree of the ultimate cause of the sliding of continents 
and the making of mountain ranges—the cause of the evolution of the 
newer features of the earth’s surface, and of practically all of the later 
topographic and geographic features, which have acted as intensive cli- 
matic controls and have entered into the hastening of the evolution of 
higher life-forms ever since the dull days of the Mesozoic era, when 
saurians and the like were masters of the earth. 
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INTRODUCTION 
TWO EPOCHS IN THE HISTORY OF CAVERNS 


Limestone caverns usually have the form of elongated passages, and, 
if of large size, the passages frequently exhibit an irregularly inter- 
connecting arrangement, with occasional expansions in great chambers 
or domes. The empty cavern space is commonly only a small fraction, 
perhaps a fourth or a tenth, of the volume of an enclosing solid. Drip- 
stones, hanging from the roof or rising from the floor, may occupy a 
small or a large part of the cavern space. Supplementary cavern en- 
largements of later date than the dripstones are rarely seen, except where 
the roof has collapsed from lack of support. The dripstones would there- 
fore seem to have been formed chiefly after the excavation of their cav- 
erns had been essentially completed. 

Two chief epochs in cavern history are thus recorded ; first, an earlier 
epoch of solutional or corrasional excavation; second, a later epoch of 
depositional replenishment. The work of the first epoch is commonly 
5, 10, or 20 times greater than that of the second. Some adequate rea- 
son should be found for the change from the greater and earlier excava- 
tional work to the smaller and later depositional work. The accounts of 
caverns in standard textbooks of geology give little or no attention to this 
aspect of the cavern problem. 


CURRENT VIEWS AS TO THE ORIGIN OF CAVERNS 


The following notes indicate the opinions generally held as to the 
origin of caverns by well-known authors. 


N. S. Shaler. Aspects of the earth. 1889. Caverns may be formed “where 
thick and pure limestones lie with their layers somewhat near the horizontal 
and where . . . the main streams have cut deep channels [valleys] in 
the surface of the country. It is also essential that the region should be 
forest-clad” (100). Water descends through the joints and widens them. 
“While the crevices are narrow, the excavation is altogether done by the 
dissolving action of water,’ but after the crevices are widened, erosion acts 
with solution in opening galleries, not lower than neighboring valleys (111). 
Cavern air is generally dry; percolating water, evaporating and losing its 
carbon dioxide, forms dripstones; they are first formed in upper galleries, 
near the surface, where most limestone is brought in solution. When water 
“goes swiftly, it excavates the caves; where, moving slowly, it penetrates 
a large opening, it tends to obliterate the cavern” (112). This author, whose 
personal experience in caverns probably exceeded that of other American 
writers here cited, stands next to de Lapparent and Haug in giving a lead- 
ing rdle to corrasion in cavern formation. 

E. A. Martel. La spéléologie, Paris, 1900. The need of a former greater 
rainfall for the excavation of caverns, also inferred by de Lapparent, is car- 
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ried to an extreme by this expert cave explorer, who, after recognizing that 
both solution and corrasion have acted in the excavation of cavern pits 
and galleries, states that the smallness of actual underground streams in 
contrast with the vast voids produced by earlier streams formally proves the 
progressive diminution of the volume of water which supports life on the 
earth. He adds that this slow but certain desiccation will be a serious con- 
cern for future generations, who will perhaps witness the drying up of springs 
before the exhaustion of coal mines; and he points out that the remedy 
for this fatal disaster is the replanting of forests imprudently destroyed. 
He also notes that underground streams successively occupy lower and lower 
cavern levels and urges that man should at once enter upon a struggle 
against this tendency of the earth to absorb infiltering waters. The forma- 
tion of dripstones by deposition from evaporating vadose water is thought 
to be too well known to need explanation; but no reason is given for the 
postponement of such deposition until the cavern in which it takes place 
has been excavated. 

Sir A. Geikie. Text-book of geology, 1903. Surface drainage intercepted 
by sinkholes in limestone districts “passes at once underground, where, in 
course of time, an elaborate system of spacious tunnels and chambers may be 
dissolved out of the solid rock” (477). Corrasion by underground streams 
and rock falls from cavern roofs take part in the work. Deposition is de- 
scribed as follows: “As each drop gathers on the roof and begins to evaporate 
and lose carbonic acid, the excess of carbonate which it can no longer retain 
is deposited around the edge as a ring,” and the ring in time “grows into 
a long pendent tube, which . . . may thicken into a massive pillar” (475). 

T. C. Chamberlin and R. D. Salisbury. Geology, 1904. Caverns were 
“probably developed by solution when the surface relief was slight. and the 
surface drainage therefore poor.’ Solution is abetted by mechanical erosion 
(215). It is noted that the surface relief may be later increased by the 
erosion of valleys, “so that caverns are not confined to flat regions’; thus 
implying that the initial surface was not a lowland. “Deposition often takes 
place in caverns after they are formed.” It is caused by “evaporation, or 
the escape of some of the carbonic gas in solution. . . . It may even go 
on at the same time the cave is being excavated” (216). 

J. LeConte. Elements of geology (revised by H. L. Fairchild), 1905. “Sub- 
terranean waters may hollow out passages by solution or fill them up by 
deposition according as its waters are under-saturated or over-saturated with 
mineral matter’ (77, 78). 

A. de Lapparent. Traité de géologie, 1906. Caverns are explained as the 
work of subterranean streams along fissures above the grade of near-by val- 
leys. The aid of a former period of greater rainfall seems indispensable 
(205). Perhaps solution may aid but it is almost negligible (206, 207). In 
the caverns of Ham, Belgium, followed by the river Lesse, one may see along 
the floor the guiding fissures on which the hard limestone splits most easily 
into blocks. One chamber, over 200 feet high, results from the fall of fissured 
blocks, which are seen in heaps on the floor. It is pointed out that, at 
times of heavy rain, the underground streams may completely fill the nar- 
rower constrictions of their passages; and that a large volume of water 
accumulating back of and above such constrictions will press through them 
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with disruptive energy, thus promoting their rapid enlargement. This is the 
most whole-souled advocacy of stream action in the production of caverns 
that has been met; the exclusion of solution by this experienced author from 
an essential share in the production of caverns makes their non-occurrence 
in fissured sandstones obscure. 

E. Haug. Traité de géologie, 1907. More emphasis than usual is given 
by this author to the excavation of subterranean passages by running water. 
Ground water in the zone of saturation is thought to act as a depositing 
rather than as a solvent agent. because it is little carbonated (343). No 
discussion of the change from excavation to deposition is presented. 

W. H. Hobbs. Earth features and their meaning, 1912. “Where lime- 
stone formations have a nearly flat upper surface, a large part of the sur- 
face water enters the rock by way of the joint spaces, which it soon widens 
by solution into broad crevices with well-rounded shoulders. At joint inter- 
sections solution of the limestone is so favored that the water may here 
descend in a sort of vertical shaft until it meets a bedding plane extending 
laterally and offering more favorable conditions for corrosion. Its journey 
now begins in a lateral direction, and solution of the rock continuing, a tun- 
nel may be etched out and extended until another joint is encountered which 
is favorable to its further descent into the formation. By this process on 
alternating shafts and galleries, the water descends to near the surface of 
the water table by a series of steps, and is eventually discharged into the 
river system of the district” (182). Dripstone deposition is then explained, 
but without assigning a reason for its replacement of solution. 

James Park. Text-book of geology, 1914. “When rain water . . . has 
widened out a fissure to the dimensions of a cave, the slow drip of calcareous 
water from the roof allows the feebly attached carbon dioxide to escape once 
more into the air, and in this way the carbonate of lime is deposited” (26). 

L. V. Pirsson and C. Schuchert. Text-book of. geology, 1915. “The same 
process which forms caverns also tends to fill them up” (156); no reason 
for the change of process is adduced. 

A. W. Grabau. A textbook of geology, 1920. In limestone regions “caverns 

are dissolved out by the circulating ground water above the water table, 
i. e., Within the vadose belt. . . . After the cavern has been dissoived out 
it is slowly filled up again by stalactite and stalagmite growth, though this 
may go on in one part of a cavern while solution enlarges another. 
If the water table rises so that the ground water will drown the cave, its 
walls may become lined with crystals of calcite, often of enormous size” 
(i, 424). Dripstone deposition is described in some detail (i, 262), but with- 
out suggesting a reason for its replacement of solution. Deposition on floor 
ledges may form level-rimmed basins, holding pools; many such occur in 
Luray Cavern, Virginia (i, 268). This is one of the few statements in which 
mention of crystal caves is made. 

O. E. Meinzer. Occurrence of ground water in the United States. Water 
Supply Paper 487, 1923. It is briefly stated that “where there is free cir- 
culation of [subsurface] water through joints or other openings in lime- 
stone, solution of the rock material may progress until the formation is rami- 
fied by a network of caverns, some of which may grow to great size” (115). 
Relation to water table is not stated, but a diagram places caverns above it. 
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H. F. Cleland. Geology, physical and historical. 1925. Solution guided 
by joints and bedding plains and supplemented by corrasion may develop 
galleries above the level of adjacent valley floors (70). “After a cave has 
been abandoned by the stream which formed it, the water entering is con- 
fined chiefly to small seepage,” and then dripstones are formed (71): 

Brief and conventional explanations are given in manuals and texts by 
Dana, 1894; Brigham, 1905; Norton, 1905; Scott, 1905; Lake and Rastall, 
1920; Salomon and others, 1924; and Miller, 1926. 


It appears from this review, as well as from many diagrams not here 
reproduced, that limestone caverns are very generally attributed to the 
solutional and corrasional activities of subsurface water above the water 
table, and that no adequate cause is suggested for the change from their 
excavation to their more or less advanced replenishment with dripstone 
deposits ; also that the excavation of caverns is usually held to have taken 
place since their region assumed its present attitude with respect to 
baselevel. This view as to the origin of caverns may be spoken of as the 
one-cycle theory of cavern excavation by vadose or by water-table streams ; 
or more briefly as the one-cycle theory. 

An alternative to this theory is that caverns may be produced largely 
by ground-water solution below the water table and then, after regional 
elevation, drained of their previous water-filling and on thus becoming 
filled with ground air made ready for dripstone deposition. This may 
he called the two-cycle theory of ground-water excavation and ground- 
air deposition; or briefly the two-cycle theory. It will now be set forth 
more fully. Grund appears to have been the first to state it clearly. 


PROPOSED CAUSE OF CHANGE FROM EXCAVATION TO REPLENISHMENT 


It is proposed to consider in this essay the possibility, which has very 
likely occurred also to others, that large caverns are ordinarily excavated 
hy ground-water solution during an epoch when the body of limestone in 
which they occur lies below the water table of its district; and that the 
change from this epoch of solutional excavation to the following epoch 
of depositional replenishment takes place when the water table sinks below 
the cavern level in consequence of regional elevation or other effective 
cause. After such change the ground water, which had completely filled 
the cavern during the progress of its excavation, is drained away and its 
place is taken by ground air, the presence of which provokes evaporation 
of percolating vadose water and escape of carbon dioxide from it, and 
thus compels it to deposit calcite and form dripstones on the cavern roof 
and floor. 

The sinking of the water table in consequence of regional elevation or 
other effective cause as a means of dividing cavern history into two 


2 
4 
: 


CURRENT VIEWS AND EARLIER STATEMENTS 481 


epochs is therefore an essential feature of the above proposal. It has at 
least the merit of providing an adequate reason for the change from an 
earlier epoch of excavation to a later epoch of deposition, even though 
the idea that cavern excavation may go on by solution with small aid 
from corrasion below the water table usually receives unfavorable con- 
sideration when it is considered at all. Such a process of excavation 
nevertheless seems worthy of examination. It is not intended, however, 
to deny the production of certain relatively slender, linear caverns by 
vadose-water solution and corrasion above the water table, for such 
caverns may often be produced in that way; but only to regard the action 
of vadose water in large caverns as usually subordinate and subsequent 
to the excavational work primarily accomplished by deeper-lying ground 
water. Similarly, the occasional formation of dripstones in small caverns 
without a change in the attitude of the water table is not to be excluded, 
but it is thought that great dripsone deposits in great caverns are best 
explained by a change in the attitude of the water table. 


EARLIER STATEMENTS CONCERNING GROUND-WATER SOLUTION OF CAVERNS 


Not until this essay was practically completed was its main thesis 
found to have been anticipated by Grund in a chapter on “Karsthydro- 
graphie” in his study on the Morphology of the Dinaric Alps (1910), 
an extract from which (144-145) then received from the Library of 
Congress may be translated as follows: “Water-filled caverns give us an 
indication of the origin of dry caverns. They also were once at the level 
of karst water and were formed by it. The karst water level sank in 
consequence of valley erosion or regional elevation and the water-filled 
caves were thereby laid dry. The partial filling of such caves with drip- 
stones shows that they were not dissolved out by vadose water.” 

As karst hydrography has given rise to much discussion abroad, it is 
probable that Grund’s views have been adopted by others also; but it has 
not been possible for me to review the extensive European literature on 
the subject. The following citations are therefore only from the writ- 
ings of American students of caverns who, although Grund’s views seem 
to be unknown to them, have recognized that caverns may be excavated to 
a greater or less degree by ground water below the level of the water 
table. But neither they nor Grund appear to have considered the mean- 
ing of the network rather than branchwork arrangement of large cavern 
galleries, to which special attention is given in this paper. 

In 1901, Bain, writing of the lead and zine deposits of the Ozark 
region of southern Missouri, concluded that “in broken and _ soluble 
rocks solution may become so important below the water table as to 
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produce openings of considerable extent,” and he thus appears to be the 
first American observer to make this suggestion; but he did not pursue 
the subject further or apply it to caverns in general. He will be quoted 
again on crystal caves near the close of this paper. 

In 1909, Matson described the peneplain eroded on horizontal Ordovi- 
cian limestones around Lexington, in the center of the Blue Grass region 
of Kentucky, as containing many caverns, and stated: “It is probable 
that before the uplift of the Lexington peneplain a large part of the 
surface was drained by underground streams . . . and that the 
Neocene was the period when the formation of caverns was most rapid.” 
He adds: “With the uplift of the peneplain . . . the formation of 
new caverns and the enlargement of the old has continued down to the 
present time” (30). Hence no sharp distinction is here made between 
excavation processes below and above the water table. This observer is 
further quoted on a later page in connection with the caves of the Lex- 
ington peneplain in Kentucky. 

In 1925, Lee, when discussing the solvent action of underground 
rivers, stated: “It is debatable how far below the water table a cavern- 
ous condition may develop” (1925b, 113). But in the same year, after 
ascribing to solution the origin of the great Carlsbad Cavern in the Per- 
mian barrier-reef limestones of New Mexico, “deep down in the high- 
lands,” he wrote without explanation: “In the course of time this process 
was reversed and the water, carrying carbonate of lime in solution, de- 
posited this material in the cavern” (1925a, 187). Further details 
presented by Lee concerning this great cavern are given on a later page. 

In 1927, Hall, when describing the occurrences of caverns in the de- 
formed Ordovician limestones, F, fig. 60, of the Shenandoah Valley in 
Virginia, stated: “The rooms and passages in the caves are solution 
channels once occupied by ground water but now generally above water 
table. . . . Solution channels probably do not extend to great 
depths below the water table. . . . A short distance below the water 
table the water is nearly devoid of carbon dioxide. . . . Not only 
is the solution of rock arrested below the water table but deposition of 
mineral matter may take place as is attested by the innumerable tiny 
veins that occur throughout the limestone. . . . Some solution 
channels may occur at considerable depths below the water table” (58, 
59). Although the cavernous limestones of the Shenandoah valley are 
now, in consequence of regional elevation, submaturely dissected after 
having been peneplained, no explicit connection is made by this ob- 
server between the epochs of peneplanation and of ground-water solu- 
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Also in 1927, Weller, reporting on the horizontal Mississippian lime- 
stones of Edmonson County, Kentucky, and their caverns, wrote as fol- 
lows: “Probably the most important process in the development of great 
cave systems is that of the formation of secondary channels below the 
level of the ground-water table. The process is dependent on the cir- 
culation of the ground water. It is strongly influenced by the hydro- 
static head” (48). The context; however, implies that the “ground 
water” here referred to is only that part of subsurface water which, 
during an early stage of an erosion cycle stands, as shown in figure 18, 
between the attitude of the water table as then immaturely developed 
and the attitude it will later assume when it is graded with refer- 
ence to a near-by valley floor. The same observer later wrote: “By a 
reversal of this [solution] process, caves which have already been 
formed, later may be partially or even completely filled up” (63). This 
reversal is explained essentially as follows: After underground drainage 
becomes so well developed that the chief streams are flowing at the water- 
table surface, their galleries are enlarged by lateral erosion and by falls 
of rock slabs from the roof; and as during this time the ground air of 
the galleries is too damp to permit effective evaporation of percolating 
water, dripstones are seldom formed. Later, when. a new gallery is 
developed at a lower level in consequence of regional elevation, the 
stream descends to it; and the ground air in the enlarged gallery that 
the stream has abandoned then becomes dry enough to provoke evapora- 
tion and dripstone deposition. This observer will be again quoted in 
connection with the corrasional excavation of cavernous passages, and 
with a discussion of the origin of Mammoth Cave. 


CAVERNS OF DEFORMATION 


In addition to caverns of solution, subterranean cavities are sometimes 
produced by regional deformation, but such caverns are not limited to 
limestones and it is only limestone caverns that are here considered. 
Cavities are also occasionally produced by local deformation due to set- 
tling or shrinkage of ore deposits. These alternative processes are here 
mentioned chiefly to dismiss them, for like lava-flow and seashore caves, 
caverns of general or local deformation are irrelevant to our problem. 


Two brief references to shrinkage caverns are made near the close of this 
essay. 


METHOD OF DISCUSSION, TERMINOLOGY AND ACKNOWLEDGMENTS 


It is regretted that the circumstances under which this essay has been 
prepared make it an academic discussion rather than a record of field 
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investigation. This is largely because, after having in my earlier years 
visited a few caves in the United States, Europe and Australia, I have 
now passed the age when underground exploration is advisable. The 
facts on which the essay is based are therefore derived almost entirely 
from the work of others; and it is to the explanatory discussion of the 
facts that my own work has been directed. It has thus been inevitably 
given a largely deductive form. This is, however, not so great a dis- 
advantage as it might at first thought seem to be because of the rela- 
tively small amount of analytical study that caverns have thus far 
received. 

It is nevertheless keenly regretted that it has not been possible to test 
by field observations the correctness of certain views that have been 
gained as the work progressed. This regret is increased by reading in 
a report by Weller, one of the latest American students of caverns, his 
opinion as to the great need of such study. He writes: “It has long been 
known that sinkholes and caverns are produced by the solution of lime- 
stone, but the amount of study that these most interesting phenomena 
have received is almost unbelievably small. At the present time there is 
no other branch of physiography which has been so little touched upon or 
which offers a more fertile and entrancing field for critical investiga- 
tion” (1927, 42). Swinnerton is of the same opinion: “The whole 
problem of cave origin awaits systematic study and presentation” (1929, 
82). 

It has been my wish to examine in particular certain neglected topics. 
For example, a high value has been placed by some writers upon the 
enlargement of cavernous galleries by solution in subsurface, generally 
vadose, waters, while others regard such enlargement as almost wholly 
the work of corrasion ; but in neither case has special inquiry been made 
as to whether the form and arrangement of the galleries are such as the 
accepted process could produce; probably because the other process of 
production was not considered. This illustrates the smothering and 
deadening effect of one-theory investigation. Again, nearly all writers 
assert or imply that, after caverns are excavated, they are more or less 
replenished with dripstone deposits, but no explanation is offered for 
this striking change of procedure. Why so important a matter is silently 
passed over is not clear; it may be another illustration of the smothering 
effect of one-theory investigation. Both these neglected matters will 
receive particular attention in the following pages in the effort to make 
a reasonable choice between the various alternative theories of cavern 
origin that will be taken up. 
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A list of authors consulted is given in the closing pages; it does not 
include the authors of the text books cited in a preceding section and 
it is far from being a complete bibliography of cavern literature. When 
extracts from a book or article are made on the following pages, the 
year of publication and the page consulted are given in parentheses 
after the author’s name. 

Meinzer’s carefully chosen terminology (1923, a, b) is followed as far 
as possible. The term vadose is used to designate water that is in the 
zone of aeration and therefore usually on its way down from the 
land surface to the zone of saturation. Ground water is used in dis- 
tinction to vadose water to name only that much larger part of the total 
subsurface water which occupies the zone of saturation. Ground air will 
be taken as the name for the “soil atmosphere,” which fills soil and 
rock interstices above the zone of saturation not occupied by vadose 
water. The water table may then be defined as an imagined surface 
which separates ground water and ground air; it is a minutely discon- 
tinuous surface in porous sandstones and is coarsely discontinuous to 
the point of being merely a network in dense limestones. The single 
term dripstone, rather than Farrington’s Greek equivalent, stagmalite 
(1901, 261), will be used to replace the cumbersome pair, stalactite and 
stalagmite. Flowstone may be used to name cavern deposits not formed 
by dropping but by flowing water. Rimstone has been added to the list 
to name calcareous deposits formed around the rims of overflowing 
basins. 

Grateful acknowledgment is here made to a number of correspondents 
who have answered various inquiries and have most generously con- 
tributed data of various kinds. My indebtedness is especially great to 
Professor C. A. Malott, of Indiana State University, who, besides writ- 
ing most helpfully on various matters, has allowed me to make tracings of 
parts of his unpublished cave maps, based on surveys in 1929; to Pro- 
fessor A. R. Addington, recently of the same institution, now of the 
State Teachers College, Fresno, California, who provided several valued 
articles and maps; to Mr. W. R. Jillson, director of the Kentucky Geologi- 
cal Survey, who has furnished much useful material, and to Mr. J. M. 
Weller, recently of that survey, who has most obligingly answered vari- 
ous questions; to Mr. M. M. Leighton, chief of the Illinois Geological 
Survey, for information regarding Burksville cave in that state; to Mr. 
Arthur Bevan, state geologist of Virginia, for information concerning the 
structure of the Shenandoah valley; to Professor C. L. Dake, of the 
Missouri School of Mines, who has loaned me unpublished maps from 
the school records; to Mr. W. D. Johnson, Jr., of the United States 
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Geological Survey, for some of his unpublished cave maps of Alabama; 
to Dr. Isaiah Bowman, director of the American Geographical Society of 
New York, for his account of Eckerts cave in southern Illinois; to the 
National Parks Service in Washington for a blue print of the large- 
scale and extraordinarily intricate map of Carlsbad caverns, surveyed 
several years ago by R. H. Runyan for the National Geographic Society 
in Washington; and to Mr. J. S. Flett, director of the Geological Survey 
of Great Britain, who has furnished information regarding deep-lying 
subsurface water in Wales. Much aid has also been received from Dr. 
A. (. Lane, consultant in geology, Library of Congress, Washington, 
and from Miss H. D. Shields, research assistant of the University of 
Arizona in the same Library, who have furnished various extracts from 
books and periodicals not accessible at the University of Arizona where 
this essay has been written. 

Mention must also be made of Mr. Cecil Killingsworth, student at 
Stanford University, California, who in the autumn of 1929 wrote a 
thesis on the origin of caverns under my direction and thus brought the 
subject, which had been in the background of my mind for several years, 
to more conscious attention, as a result of which the preparation of this 
essay has taken most of my time during the spring of 1930. 

I desire also to thank in advance any correspondents who, after read- 
ing these pages, can send me* unpublished or published maps and pro- 
files of caverns that they have explored, with their views as to cavern 
origins there exemplified: all the more if their explorations are con- 
ducted on some such method as is outlined in my concluding paragraph. 
Such contributions may perhaps serve as basis for a later article. 


SOLVENT ACTION OF SUBSURFACE WATER 


The calcite of limestone rock is soluble in about 30,000 parts by 
weight of pure water, but it is seven times more soluble in water 
charged with carbon dioxide under ordinary atmospheric pressure. This 
gas may be absorbed in small amount by raindrops as they fall through 
the air; but in subsurface water it is believed to be derived chiefly from 
the decomposition of organic matter in the soil, probably promoted by 
soil bacteria, while rain water is descending from the surface as vadose 
water to the water table. There the vadose water joins the curiously 
skeletonized body of ground water which so generally and so intricately 
occupies all the accessible joints, partings and pores of the rock mass 
below the water table, and which, although fairly well defined at its 
upper surface, is very vaguely limited downward. 


2 My permanent address remains: Library, Museum, Cambridge, Mass.; but for the 
winter of 1930-31, a more direct address will be: 1351 Byron St., Palo Alto, California. 


a 


2a 


te 
cf 
t 
t 
I 
s 
\ 
s 
= 
a 
ca 
4 = 
t 


METHOD OF DISCUSSION, TERMINOLOGY, ACKNOWLEDGMENTS 487 


Although the solution of limestone is always said to be greater in 
carbonated than in pure water and although laboratory experiments 
leave no doubt as to the truth of this universally accepted generaliza- 
tion, we have found no account of its direct verification in the process 
of cavern excavation by the collection and analysis of vadose water in 
caverns. In view of the additional fact that limestone is, as compared 
to sandstone and shale, rather readily soluble in non-carbonated water, 
it is well to bear in mind that some share, perhaps a large share, in the 
solutional excavation of caverns may be accomplished, very slowly to be 
sure, by non-carbonated water. In other words, the lavish supply of 
the time element which the geological history of the earth affords may 
make up for a lack of carbon dioxide by which some cavern waters may 
be afflicted. According to Johnston and Niggli, “the influence of pres- 
sure on the solubility of solids is altogether negligible in comparison 
with the influence of temperature” (1913, 505); hence, although pres- 
sure increase downward in water-filled caverns is much greater than 
temperature increase, neither of these factors ordinarily varies enough 
to need consideration in our problem. According to Johnston and Wil- 
liamson, the solubility of limestone is not affected by pressure, except 
as pressure affects the amount of carbon dioxide that can be held in the 
dissolving water (1916, 740). 

In regions that are invaded by volcanic magmas, it is believed that 
warm juvenile water and carbon dioxide may ascend toward the earth’s 
surface. This rising addition to descending ground water of meteoric 
origin would probably give it a great increase in solvent power while 
the mixture is still deep underground; but on ascending nearer to the 
surface the mixed water, suffering a reduction of temperature and pres- 
sure, would probably become saturated with at least some of the minerals 
that it had previously dissolved and would thereafter act as a depositing 
agent. As most of our cavernous limestones do not appear to be in- 
vaded by juvenile waters of this kind, the following discussion will be 
confined mostly to the action of meteoric waters; but juvenile waters 
are considered in the last chapter. In this connection attention should be 
given to Stockdale’s studies of intraformational solution (1926), by 
which a considerable fraction of soluble strata may be withdrawn with- 


out leaving a void. 
ONE-CYCLE CAVERNS IN poroUS LIMESTONES 
EXPULSION OF CONNATE SEA WATER 


It was stated at the beginning of this essay that two chief epochs are 
to be recognized in the history of the caverns. It is desired here and 
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on later pages to relate those two epochs to others of less importance, and 
to place them all in their proper sequence in a cycle of erosion during 
which a limestone region, like all other regions, may sufier the normal 
succession of changes from its initial uplift to its ultimate planation. 
But in consequence of the solubility of limestone the processes that 
operate during a cycle of erosion in a limestone region will include the 
solvent action of subsurface waters as well as the more ordinary processes 
of surface weathering and washing. In order to follow out the action 
of both the surface and the subsurface waters, let us imagine a body of 
modern marine limestones, imperfectly indurated, rather porous in tex- 
ture and with moderate diversity of density in its horizontal strata, ele- 
vated as a broad upland 300 or 400 feet above sealevel. The elevation 
will involve some warping, whereby at least a moderate number of joints 
will be produced. The joints as well as the more open bedding planes 
and the accessible pores will be invaded during the elevation and after 
it ceases, by descending rain water in the slow process of expelling the 
connate sea water of deposition; but let it be remembered that when this 
process of expulsion is spoken of as “slow,” we are using that word in its 
human sense. Geologically considered, the expulsion of sea water must 
be relatively active. Sanford’s study of saline waters contained in the 
strata of our Atlantic coastal plain shows that the original connate water 
has been almost wholly driven out of them. He states that “areas in 
which salt water may be found by deep drilling are . . . in low 
ground and the greater part are near the ocean or some large body of 
salt water” (1911, 85). Even in those limited localities, the depth at 
which salt water chiefly occurs is from 200 to 1,950 feet; and in some 
cases fresh water is found at greater depths than salt water; for ex- 
ample, according to the same observer, a well in Virginia yields salt 
water at 480 feet and potable water at from 1,200 to 1,500 feet. This 
probably means that the underlying strata containing fresh water are 
good aquifers, while the higher strata which still contain salt water are 
protected by fine-grained aquifuges* through which fresh water can 
not easily penetrate to drive out the salt. 

It seems inadmissible to explain the general expulsion of connate 
sea water from the strata of the Atlantic coastal plain as having taken 
place only during the higher stand of the plain when its now-embayed 
valleys were eroded ; for at Charleston, South Carolina, where the plain 
is not embayed and where it has therefore not stood significantly higher 


%The desirable word, aquifuge, has been suggested to me by the eminent French 
littérateur, M. Joseph Bédier, as an appropriate opposite to aquifer. 
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than now since its emergence, fresh water is nevertheless found accord- 
ing to Fuller (1905, 150-151), at depths of 1,260 and 1,308 feet. 


DEVELOPMENT OF CAVERNOUS PASSAGES 


As our postulated upland is assumed to be composed of porous lime- 
stone most of the rainfall it receives will sink into the rather even surface, 
and the percolating vadose water will be little detained in its descent to 
the zone of saturation. The water table marking the upper surface of 
that zone will be well defined and will slope gradually to the shore line 
and to any valleys that are eroded by occasional large surface streams. 
The movement of the ground water beneath the water table will be 
accelerated along steep joint planes of favoring direction; streaming 
films of ground water may move faster along such joints than through 
the less jointed layers. The streaming films will dissolve out slender 
passages along the intersections of the guiding joints with the more 
porous or more soluble beds, and thus underground streams will be de- 
veloped along incipient channels at or below the water table. The 
channels should as a rule be smaller near the upland divides and in- 
crease in size downstream; those below the water table may have out- 
going as well as incoming branches, and may thus form an interconnect- 
ing network. Most of the subwater-table streams will ascend as they 
approach the shore line and emerge there in springs; but it is quite 
possible that some of the deeper streams may be continued underground 
beyond the shore line until they emerge as sea-floor springs of fresh water 
at moderate distances offshore. It should be remembered that an as- 
cending current is the normal movement of ground water when its 
forward movement, caused by a head of pressure in the rear, is impeded. 

In the meantime, funnel-shaped hollows or sinkholes will be formed 
by solutional weathering at various points where the descent of surface 
water is accidentally aided. The much greater size gained by such sink- 
holes around their upper contours that at their downward vent shows 
that subaerial weathering and washing proceed faster than the solutional 
and corrasional enlargement of underground shafts below the sinkholes. 

The solutional enlargement of subterranean passages leading toward 
the shore may be supplemented by corrasional action when the passages 
come to be followed by streams of active flow. Enlargement will con- 
tinue until the passage roofs, reduced in thickness by wasting of both 
their upper and under surfaces, cannot support themselves; they then 
collapse and form pond-holding sinks or lake-holding basins; and as a 
rule the pond and lake surfaces stand at the level of the water table. 
As the general surface of the land is more and more degraded and the 
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subterranean passages are more and more enlarged, the lakes increase 
in number and area. At a late stage in the cycle of erosion the land 
surface between the lakes will be worn down lower and lower, closer and 
closer to baselevel; but the lake bottoms may lie decidedly below base- 
level, unless their excavation is overcome by deposition or by abundant 
plant growth. 
. THE CASE OF FLORIDA 

The broad upland of central and northern Florida appears to ex- 
emplify a well-advanced stage of underground drainage of the kind 
outlined in the foregoing section. It is underlaid at a moderate depth 
by several hundred feet of porous Vicksburg (Oligocene) limestone 
with occasional indurated layers, essentially horizontal. The surface 
drainage is very imperfect. Sinkholes abound in the interior; some of 
them hold small lakes 100 or 200 feet deep. According to Sellards 
(1910), larger and shallower lakes without surface outlets, standing at 
the level of the local water table, are also numerous there. Both the 
smaller and the larger lakes are explained as resulting from the collapse 
of solution cavities, a process which is still going on and causing the 
lakes to increase in size. The beds of the larger lakes are often shoaled 
with muck and peat. Sellards writes (1910, 52): “As old sinks become 
clogged or partly filled, new sinks form . . . continually enlarging 
the basin.” Matson and Sanford, treating the same subject, say (1913, 
214, 218): “As [underground] solution progressed the cavern roofs be- 
came weakened at numerous points and collapsed, forming . . .. 
sinkholes. . . . In some areas these depressions are so numerous 
that they occupy a large part of the surface and give the region its 
characteristic topography.” The U. S. Geological Survey topographic 
map of the Williston quadrangle is said to include a typical district of 
this kind. 

Inasmuch as lake surfaces usually stand at the level of the water 
table the lake bottoms and still more the deeper-lying floors of the col- 
lapsed cavities must lie below the water table: and hence the cavities must 
have been occupied by and presumably dissolved out by ground water 
before the roof-collapses occurred. Various streams, once flowing in 
underground passages which they presumably enlarged close to the water 
table by solution and corrasion, are now more or less completely un- 
covered ; parts of the covers still stand as natural bridges, many of which 
are found. 

Caverns are known in moderate numbers: some of them are said to 
be a hundred feet or more wide and several miles in length; they are 
little ornamented by dripstones. Such caverns are evidently the work of 
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subsurface water originally near the water-table level and it is to be 
expected that they are still followed by streams, but the brief accounts 
of them do not give information on that point. Their relative freedom 
from dripstones may perhaps be due to the frequent falls of roof blocks, 
and if so their floors should be block-strewn, but on this point also de- 
tails are lacking. 

The great springs for which Florida is famous * evidently flow out of 
low-lying, water-filled cavernous passages below the water table; but 
Matson and Sanford, whose account of the ground waters of the state 
is quoted above, follow generally accepted views regarding cavern de- 
velopment and explain these passages, together with various solution 
cavities in the limestone that extend considerably below water level, as 
having been dissolved out by vadose water during a former epoch when 
the land stood higher than now, “because it is doubtful if the formation 
of large underground channels extends to great depths below sea level’ 
(1913, 214, 208). These observers find local evidence for their inter- 
pretation in the expulsion of its original content of sea water from the 
porous limestone to a considerable depth below sea level; in the estuarine 
character of certain river mouths; and in the occurrence of submarine 
fresh-water springs in the shallow sea floor off shore. 

This evidence does not seem to be conclusive. The occurrence of fresh 
water at depths of 1,200 feet at Charleston, South Carolina, where as 
noted above the absence of coastal embayments gives independent evi- 
dence that the land has not stood higher than now since the emergence 
of the coastal plain, offers valid ground for believing that the expulsion 
of connate sea water from porous limestone may be in time accomplished 
wherever the land surface rises inland sufficiently to give a dominating 
head of pressure toward the sea. Post-Oligocene time should surely be 
long enough for this work and it would be aided in Florida by the heavy 
rainfall there enjoyed. 

The greatest depths reported for a submerged river mouth is only 50 
or 60 feet for Saint Johns River; and this is probably much less than the 
depth of various subterranean passages on land. The occurrence of 
fresh-water springs offshore can hardly be accepted as proving a former 
higher stand of the land, unless the very question here at issue, namely, 
the capacity of ground water to dissolve out passages below the water 
table, is decided in the negative. Yet so it appears to have been very 
explicitly decided by Shaler, who wrote (1895, 154, 155) as follows on 


* According to Meinzer (1927) eleven of our sixty-five first-magnitude springs, the out- 
flow of which is at least 100 second-feet, are found in Florida. 
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this point, when alluding also to the expulsion of connate sea water to 
depths of 800 feet. 

“Another evidence indicating the recent elevation of Florida to a con- 
siderable height above the sea | followed by subsidence to its present alti- 
tude] is found in the fact that on the eastern and western shores of the 
northern half of the penimsula there come forth from a considerable depth 
beneath the sea great springs of fresh water. . . . As there is no 
way in which we can account for the excavation of the subterranean 
channels through which these waters course to their present exits be- 
neath the sea except by the supposition that they were made as caverns 
in the limestone rock with all their parts above erosion base level, we 
have to suppose a considerable subsidence [since the recent elevation] 
to account for these inverted siphons through which the rain water 
courses to the sea.” 

A counter-supposition may be presented; namely, that the under- 
ground passages which lead rain water through the porous limestones 
of Florida to submarine outlets may have been dissolved out by ground 
water below the baselevel of erosion. According to Matson and San- 
ford (1913, 207), the largest of the submarine springs of Florida is about 
214 miles off Saint Augustine; its waters rise from an opening 60 feet 
across and 200 feet deep where the sea floor is only 50 feet deep: the 
fresh water ascends so actively that it maintains a slightly convex sur- 
face in calm weather. The possibility that ground water may move 
slowly through porous limestones to a considerable depth below sealevel 
seems to be confirmed by the occurrence according to Fuller (1905, 
119) of artesian water in the eastern peninsula of Marvland, where it is 
supplied by an arenaceous aquifer that has its intake on the low uplands 
west of Chesapeake Bay and then slants gently eastward under the salt 
waters of the bay and delivers fresh water from depths of 1,000 feet to 
driven wells, If this water does not rise naturally, it must be because 
it is well sealed by an overlying aquifuge. The fresh-water spring off- 
shore from Saint Augustine need not descend to nearly so great a depth 
as 1,000 feet. 

Remarkable evidence of the deep penetration of ground water has been 
found in certain Welsh coal mines which are worked beneath the sea. In 
one of them the floor of a pit, when sunk about 900 feet below sealevel, 
burst up and fresh water rushed into the pit at a rate of 60,000 gallons 
an hour, diminishing in a month to 36,000 gallons and in a year to 16,000 
gallons. From its composition the water was inferred to have descended 
from the land surface along the siliceous Milistone grit; but two years 
later, when renewed outbursts yielded 76,000 gallons an hour, the water 
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was so calcareous that it was thought then to come down through Car- 
boniferous limestone. Other similar outbursts have been recorded in 
neighboring mines.> If the Welch rocks were as porous as the Florida 
limestones, submarine springs would pretty surely rise from them. 

It must not be overlooked, however that the lowering of the ocean 
surface during the Glacial period, to which Daly has called attention in 
connection with the origin of coral reefs and the amount of which he 
estimates at between 30 and 40 fathoms, would serve just as well as an 
elevation of the land in giving opportunity for subsurface waters to pre- 
pare underground passages which might, after the ocean resumed its 
normal level in Postglacial time, lead to submarine springs. But ocean 
lowering by 30 or 40 fathoms would also give opportunity for a greater 
erosional deepening of valleys than has been detected in Florida; and 
we are therefore left in doubt as to how far this unquestionably valid 
cause for temporary land emergence can account for submarine springs. 

In any case, the springs of Florida are now carrying away large 
amounts of dissolved minerals, chiefly calcite. Sellards estimates (1910, 
122) that Silver Springs alone discharges 600 tons of dissolved mineral 
matter a day, and that an average of 400 tons is annually carried away 
from every square mile of the upland surface. It would be hazardous to 
assert that all of this dissolved mineral comes from above the water 
table; if some comes from below, the solutional excavation of deep- 
lving passages in the porous limestones is only a matter of time; and 
there has been an abundance of time for the excavation. If Postoligo- 
cene time seems short to geologists on the Atlantic coast, let it be noted 
that on the Pacific coast, near Ventura, California, 15,000 feet of Plio- 
cene beds have been deposited ; and that since their deposition they have 
been upturned, overridden with Eocene strata and greatly eroded. The 
Pliocene, Pleistocene and Recent periods of time that would witness 
deposition, deformation and denudation of such measures might easily 
suffice to dissolve out underground passages in porous Oligocene lime- 
stone under a rainy climate, and leave the Miocene to spare. 


THE CASE OF YUCATAN 


An excellent account of underground drainage in the low peninsula 
of Yucatan has been given by Cole (1910). The northern part is a 
riverless plain which rises inland about a foot to a mile; it is low and 
smooth near shore and slightly irregular farther inland before rising in 
the low hills of the interior, 400 to 900 feet in height. The plain is 


5 Geological Survey of Great Britain. The Geology of the South Wales Coal Fields. 
Pt. Il. Abergavenny. 2d Ed., 1927, pp. 45-46. 
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underlaid by level, fissured and porous limestones of modern geological 
date ; but the surface layers are indurated. The coast is harborless ; it is 
in part fronted by offshore, wave-built sand reefs. Caverns with com- 
municating tunnels occur in the interior hills. In the plain, the char- 
acteristic effect of solution on the limestones is the production of ver- 
tical shafts, known as cenotes, in which fresh water stands at an almost 
uniform height, little above the level of the sea. Hence it is believed 
that connecting underground passages exist below the water table; and 
this belief is confirmed by the occurrence of numerous fresh-water 
springs both in the lagoon enclosed by the coastal sand reefs and outside 
of the reefs in the open sea. 

The evolution of the cenotes, which are of various diameters up to 100 
or 200 feet and of various depths down to nearly 100 feet, is clearly set 
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Ficgctre 1.—Derelopment of Cenotes 
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After Cole. 


forth in Cole’s text and well illustrated in his figures, one of which is 
here reproduced in modified form in figure 1. Descending rain water 
begins to dissolve shafts in the porous underlayers below the indurated 
surface layer and makes its way toward the sea along a deep-lving 
stratum. As long as the resulting cavities remain covered they are 
known only where a well is dug into them. In time as the shaft is en- 
larged the cover is breached and the nearly vertical wall of the cenote 
is disclosed, but eventually so much of the wall-rock falls into the cav- 
ity that the wall slants and the floor is clogged. 

Cole’s explanation of the underground passages parallels that given 
by Shaler for the similar passages of Florida. “There can be no doubt 
that extensive subsidence has taken place in the Yucatan peninsula 
since its principal drainage features were formed; for in no other way 
can we account for the great depth of this [Ilka] cenote [95 feet] be- 
low the level of the sea. At one time the land must have stood at least 
95 feet higher than it does today” (332). 
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Our reason for not accepting this conclusion is that it appears to have 
been adopted without a sufficient consideration of the opposed alterna- 
tive; namely, that the underground water passages have been dissolved 
out along particularly pervious or soluble limestone layers while the 
land held its present attitude. Given such layers, it would be no more 
difficult for descending rain water to make its way along them below 
the water table and to continue its course for some distance at a mod- 
erate depth beneath the sea, than it is for subsurface water to follow an 
artesian aquifer to great depths below the land. The water from such an 
aquifer will rise 1,000 feet or more to the land surface if a well is arti- 
ficially bored to give it vent; the water from underground passages in 
Florida and Yucatan may rise naturally to the sea floor from 100 feet 
or more through a joint or crevice that was probably occupied by sea 
water when first formed and that has been enlarged by rising fresh water 
after the sea water was expelled. Even more than in the case of Florida, 
the absence of embayed valleys in the shore line of Yucatan makes it 
difficult to account for submarine springs there through passages that 
were excavated during the emergence of the land in the Glacial period. 


THE POSSIBLE FUTURE OF FLORIDA AND YUCATAN 


If Florida and Yucatan come to be raised in the future a few hun- 
dred feet, the present cavernous passages would be drained of their 
water-filling and occupied by ground air; and the solutional enlarge- 
ment of the passages would then probably be replaced by dripstone 
deposition. For in consequence of such elevation, new passages would 
be opened at lower levels; then the, old passages, almost completely 
drained of their running streams and receiving only percolating water 
dripping from the roof, would offer precisely the conditions under which, 
according to prevailing geological opinion, deposition of dripstone should 
be expected. 

With the further exploration of the world it is eminently possible that 
dripstone caverns of such origin may be discovered. Search for them 
might well be made in the elevated coral-reef plains of the Dutch East 
Indies, which are reputed to be cavernous. It is commonly assumed 
that the caverns have been excavated since the elevation of the reef 
plains ; but it seems possible that much of the excavation may have been 
accomplished by ground-water solution before the present altitude of the 
reef plains was reached and that the more important process of today 
may be the deposition of dripstones in caverns earlier formed, insofar as 
they now stand above the water table; the solutional excavation of new 
caverns may now be going on at greater depths. 


XXXII—BCLL. GEOL. Soc. Am., Vor. 41, 1930 
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CAVES OF BERMUDA 


Swinnerton has described the caves of Bermuda as, in their accessi- 
ble parts, “not over a few hundred yards in length,” but he adds that 
“it is undoubtedly true that a network of passages underlies much of the 
cave area. . . . The presence of sea water in the caves . . . 
contrasted with the many brilliant white stalactites and stalagmites make 
the caves extremely picturesque’ (1929, 79). He explains them as the 
solutional work of vadose water down to the water table but not below. 
and therefore takes the depth of sea water on their floors as a minimum 
measure of island submergence since their excavation. Stalactites are 
now forming rapidly in spite of the presence of sea water, above which 
the cave air must be damp; hence dripstone formation here should be 
referred chiefly to the escape of carbon dioxide from the percolating 
water. It is suggested that the change from former solutional excava- 
tion to present depositional replenishment may perhaps be because the 
descending water becomes better charged with limestone on its way 
through the cave cover now than formerly. A good view of one of these 
dripstone caves is given by Reeds (1928, .145). 

The conventional assumption that the solvent action of descending 
water stops at the water table seems unwarranted in view of the highly 
probable continuation of its descent to a lower level beneath the hills of 
the island in accordance with the generally accepted principles of ground- 
water movement; but in view of the submergence that Bermuda appears 
recently to have suffered, it is possible that all the accessible caves were 
excavated above the sealevel of their time. 


ITEMS FROM CUBA 


Limestone is abundant in the mountainous island of Cuba; and some 
of the dense and cavernous limestones of the interior will be mentioned 
on a later page. Fuller writes of the more porous limestone near the 
coast (1905, 193, 194): “The porous limestone permits a free entrance 
of water which, by its passage, dissolves out caverns of various shapes 
and sizes. Although the underground passages are very numerous they 
are not very large, and the caves generally lack the great beauty of 
many of the stalactite-hung caves of the harder types of limestone. 
. . . Not all of the [underground] water comes to the surface of 
the land as springs, but some passes outward and emerges from the 
sea bottom along the coast where in many instances the fresh water can 
be seen bubbling up through the salt water. Such springs occur in 
Havana Harbor and at many other points. The fresh water which 
emerges on some of the keys is probably of the same origin, coming 
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from the mainland through subterranean passages in the limestone.” 
Whether the underground passages to the submarine springs were dis- 
solved out during a former higher stand of the island is not discussed. 

Submarine springs are not great rarities. They are well known along 
the Adriatic coast of Dalmatia. Milne quotes Australian observers about 
them: one “describes powerful springs at Port Macdonnell a little dis- 
tance off shore,” and another reports that along part of the south coast 
“the sea literally bubbles up with fresh water” (1897). 

The evolution of cavernous passages in porous limestones having now 
been considered, the case of dense limestones may be taken up. 


First EROSION CYCLE IN DENSE, LEVEL-BEDDED LIMESTONES 
PRODUCTION OF A SHAFT-AND-GALLERY NETWORK BY VADOSE WATER 


Let us now consider the developmental changes that will be suffered 
during a cycle of erosion by a broad upland of Mesozoic or Paleozoic 
limestones in nearly level layers, generally dense and impervious, but 
with some diversity as to solubility of beds and as to openness of bedding 
planes, and with several well-developed systems of nearly vertical joints. 
This consideration must be largely inferential rather than observational ; 
but various observers and writers seem to be pretty well agreed that the 
sequence of changes is in a general way about as here sketched. Certain 
novel inferences are, however, added regarding the transformation of a 
network system of underground passages at an early stage of the erosion 
cycle into a branchwork system at a later stage. 

Warrant for the consideration of this kind of a limestone region apart 
from one of porous limestone, already considered, is given by Weller, as 
follows: “Sink holes and caves are developed to their maximum per- 
fection in dense and massive limestones of fairly pure composition, as 
such beds are practically impervious to water except along fissures or 
bedding plains, and consequently solution is localized along certain lines. 
Comparatively porous limestones which offer free passage for the water 
in all directions do not commonly develop sink holes and caves unless, 
for some reason, the circulation of the water is concentrated locally” 
(1927, 45). 

During and after the elevation of a dense-limestone upland it may be 
expected that the progressive solutional enlargement of subsurface water- 
passages and the gradual development of slender, nearly vertical shafts 
and narrow, low galleries, at first of hardly larger caliber than a 
macaroni tube or a rifle barrel, will take place. The shafts will be dis- 
solved out chiefly along the intersections of steeply inclined joints; the 
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galleries will be determined, as to their horizon, by the attitude of an. 
open bedding plane or a soluble bed, and as to their azimuth by the 
intersection of master joints with such planes or beds, essentially as set 
forth in the above-quoted passages from Hobbs “Earth Features,” ex- 
cept that the cessation of solvent action at the water table which he 
specifies seems unnecessary. Water will 
surely penetrate to greater depths and so- 
lution will accompany penetration, espe- 
cially where movement occurs. Some of 
the deeper-lying solutional galleries may 
be decidedly below the water table. 

Where soluble limestones are interbedded 
with impervious shales, minute winding 
passages may be eroded at the base of the 
lowest limestone bed, as Fenneman has 
shown, figure 2, for the Cincinnati 
of southern Ohio (1916, 72). Such pas- 


sages seem not to be guided by joints. In AA 


general, small passages whether joint- 
guided or not may be completely water- = Ficcre 2.—Upward Growth 


of Passages in Limestone 
filled by their vadose stream; and they 


should therefore show the marks of water ie Pein. 
work, either solutional or corrasional or 
both, on the roof as well as on the sides and floor. An example of such 
a passage is presented in Bowman’s account of Eckerts cave in a later 
section. 
CONCEPT OF THE WATER TABLE 

The water table, as ordinarily conceived, stands higher under hills 
than under valleys; it is sometimes described as a replica of the over- 
lying land surface, but with less relief; to this it may be added that the 
relief increases a little after rains and decreases during droughts. But 
this brief statement of the case is based on three tacit postulates; first, 
that the land mass is uniformly permeable; second, that it is already 
provided with valleys; third that the water table is already maturely 
developed. A more general consideration of the problem might begin 
with a land mass of disordered structure and non-uniform permeability, 
worn down to moderate or low relief in an earlier cycle of erosion, re- 
cently raised to a moderate altitude at a moderate rate, and thus intro- 
duced into a second cvele—second, in its literal sense of “following”’— 
and now advancing through that cycle. Before elevation the water table 
at the top of the curiously skeletonized body of ground water would have 
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had gentle but varying slopes, as along the broken line, A A, figure 3; 
the water-table slope being of greater value while the water content is 
of less value in the dense than in the permeable rocks. During and 
after elevation, the deeper erosion of a valley, B, C, D, will cause the 
water table to sink at unlike rates under the different structures of the 
adjoining upland. In the permeable rock, P, the abundant water con- 
tent will, while slowly lowering its almost level water table, stand nearly 
stagnant; it may be regarded as a skeleton-lake of ground water with a 
very vaguely defined bottom. In the dense rocks, N, the water table of 
the scanty water content will assume a rather steep slope, down which 


Fa 


FiGurE 3.—Derelopment of Water Table in inclined Strata 


the water movement will be that of extremely deliberate seeping-cascades. 
If one part of the dense-rock barrier is little less dense than the rest, 
much of the water movement will soon be concentrated there in what 
may be regarded as the cascading outlet of the ground-water lake- 
skeleton, by which the water table of the lake will be slightly lowered. 
The lowering will be extended in both directions along the strike of the 
permeable formation and the water table in the dense formation will 
be left in low relief as a water-table divide. Thus there will be de- 
veloped an adjustment of water table and water movement to under- 
ground structures very similar to the correlated adjustment of surface 
drainage to the same structures. 

With the further progress of the cycle of erosion the water table, 
with its adjusted inequalities of surface, would be reduced to lower and 
lower altitude and weaker and weaker relief. Its reduction would be 
slower than that of the surface streams but faster than that of the over- 
lying land surface. The peneplanation of the water table would take 
about as long a time as the peneplanation of the land surface above it. 


GRADUAL DEVELOPMENT OF THE WATER TABLE IN DENSE LIMESTONES 


We have here to consider the development of the water table in a ris- 
ing upland of dense and nearly level-bedded limestones, which are per- 
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meable only along joints and bedding planes, a few of which are shown 
in section in figure 4.° At first, even the planes of passage may be so 
close fitting that the movement of water filaments alorg them is greatly 
retarded. The development of more open paths for freer movement 
must be slow; and while it is going on valleys will be worn down in the 
rising or raised upland to a lower level than the tops of the subsurface 


Figure 4.—Devrelopment of Caverns in horizontal Limestones, early Stage 
Stratum £ is an identification layer for other figures of this series. 


water filaments, but not so low as the bottom of the deepest ones. As 
valley deepening progresses, certain galleries, C, D, that were below the 
water table when they were first entered by penetrating water, figure 4, 
may find themselves above it, figure 5. And as the valley is deepened 
additional minute embryonic passages may be opened and grow to gal- 
leries, F, G, figure 5, at lower levels, not only below the water table 
but perhaps even below absolute baselevel. After the floor of a large, 
open-air valley is worn down to grade, its later deepening will be so slow 


Figure 5.—Development of Caverns; more advanced Stage 


that it need not be considered for the present; but it will become im- 
portant in the penultimate stages of the cycle, as will duly appear. 

In the early stage of figure 4, while the embryonic shafts on the nearly 
vertical joint-intersections and the embryonic galleries along the nearly 
level-bedding planes are minutely opened, the movement of the water 
through them must be so leisurely that its action is only by solution and 
not at all by corrasion. Moreover by reason of the very slow movement 
of the subsurface water and of the varying success of water-discharge 


& Figures 4, 5, 21, 22 and others of similar design are developed from similar figures 
by Weller (1927, 46), but in my figures fuller recognition is given to deep-lying 


ground-water galleries. 
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from galleries into valleys, the shafts may be filled nearly to the surface 
of the ground. Yet as soon as some of the joints come to be a little 
more open than the others, there being still only an imperfect intercon- 
nection between the various underground passages, the subsurface water 
will sink to lower levels in the more open shafts than in their neighbors ; 
hence at this early stage there will be no such thing as an evenly de- 
veloped water table, but only a pseudowater table very locally and un- 
evenly developed. The relief of such a surface, passing through the tops 
of all the subsurface water filaments, will be irregular and quite unlike, 
perhaps greater than, the surface relief. By reason of the very leisurely 
downward movement of the water filaments at this stage, the height of 
the water in the various embryonic shafts will vary greatly between 
heavy rains and long droughts. 

It is only at a later stage that many shafts are well dissolved out to 
a considerable depth and are horizontally connected by many well- 
opened galleries, so that hydrostatic pressure may control the stand of 
water in all of them, at first locally, but as time passes more and more 
extensively. But even in a late stage of an erosion cycle, large masses of 
impervious limestone between the enlarged joints and bedding planes 
will greatly interrupt the continuity of the water table. Yet in this re- 
spect the impervious limestone masses differ only in their greater size 
and smaller number from the impervious sand grains in a sandstone, 
in which the water table is an almost continuous water surface. With 
this contrast in size of the impervious parts goes an associated contrast 
in freedom of water movement; for water may flow freely in concen-. 
trated streams through the enlarged passages in soluble limestone, while 
its movement through porous sandstones is perpetually minutely sub- 
divided and is therefore greatly impeded by adhesion. 


GRADUAL CONCENTRATION OF VADOSE WATER IN LOW-LEVEL GALLERIES 


As various additional joint passages are opened and enlarged into 
slender shafts by solution, communication will be increasingly estab- 
lished between galleries at different levels. On this point Weller writes 
as follows: “The slowly moving water . . . gradually enlarges the 
small openings in the rock by solution and its movement is slowly con- 
centrated along certain lines until tiny channels are developed. Such 
channels afford freer movement for the underground waters. 

With the concentration of movement along these lines, the channels are 
rapidly enlarged and as soon as their capacity becomes sufficient, the 
groundwater table is brought down to their level” (1927, 47). 
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The chance penetration of some shafts deeper than others will cause 
embryonic galleries to be formed at first on different beds at varying 
levels independent of each other, and the minute galleries may often 
make little down-steps on joints from one bed to another. Under these 
conditions slowly sinking vadose water will form groups of irregularly 
connected, three-dimensional networks of small-caliber members, and in 
each network the water movement will have many outgoing as well as 
many incoming branches; for besides the shafts shown on the plane of 
figures 4 and 5, there will be others which would be shown on near-by 
parallel planes; and besides the galleries there represented, many 
others would be seen on planes trending in various other directions. 
Hence at an early stage of underground drainage development, there 
may be about as many separate, local water tables as there are inde- 
pendent gallery networks. Let it be clearly understood that at this 
early stage of cavern excavation, minute galleries will be excavated 
below as well as above that level which later comes to be adopted by the 
water table. It is only for convenience of discussion that those above 
the water table are here examined apart from those below. Those at 
deeper levels will be duly considered in a following chapter. 

The existence of independent network systems of small size will, how- 
ever, be short-lived, for with the continued opening of new shafts and 
galleries, adjacent systems will become confluent, and the vadose stream- 
lets will be withdrawn from higher and concentrated upon lower 
galleries. Thus advance will be made toward the integration of many 
small systems into fewer systems of larger extent. Each integrated sys- 
tem may have its headwaters in nearly level galleries that are confluent 
with the headwater galleries of another system; and this belt of con- 
fluence need not be closely related to any drainage divide on the land 
surface. The mouth of a system or its points of main discharge will be 
where the lowest gallery, or the one that discharges the greatest volume 
of vadose water, opens on a valley side or an isolated system may have 
its discharge by an inverted siphon passing well below the water table. 
While these underground systems are so poorly developed that they can 
not dispose of all the rainfall, surface streams may be at work above 
them; but many such surface streams existing at an early stage of an 
erosion cycle will disappear as a later stage is reached. 

As the caliber of the passages in the integrated underground systems 
is increased by solution so that hydrostatic pressure may be transmitted 
through them effectively, a true water table will be developed in each 
system, ordinarily with respect to the point where its lowest gallery 
opens on the side of a valley; this level being commonly determined at 
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first by a dense stratum through which few joints have been opened to 
lower levels. But in time some of such joints must be opened, and water 
will then pass down them to the deep-lying bedding planes on which 
minute galleries will be developed below the floors of near-by valleys. 
The joints above such deep-lying galleries will remain filled with ground 
water to the level of a higher gallery whose stream discharges into a 
valley, until the ground water in a deep-lying gallery dissolves out a 
rising passage by which it may ascend to the valley-floor stream; then 
the water in the joints will sink to the true water table, and the stream 
of the higher gallery being segmented, the upstream segments will dis- 
charge their water through the deep-lying gallery. 

The profiles of the concentrated vadose streams here considered will 
resemble those of certain small and young surface streams, which cascade 
down the outcrops of resistant level strata and run for a considerable 
distance at a gentle slope on the intermediate weaker strata. In both 
cases the down-stepping profiles are in process of passing into more even 
profiles; in both cases least work will be done near the stream heads 
where the streams are of least volume, and most work downstream 
where they are of largest volume. The open-air streams effect the inte- 
gration of several graded reaches of small length at different levels into 
a single and longer low-level reach, graded with respect to their trunk 
river, by the retrogressive erosion of the separating cascades, and thus ad- 
vance toward their maturity; but maturing cavern streamlets in level 
strata develop their low-level stretches chiefly by the development of new 
shafts, and of new galleries at lower and lower levels. It would seem 
to be largely in this early production of small and local network systems 
with respect to galleries at various levels and their gradual integration 
into larger systems based on low-level galleries that the underground dis- 
section of dense limestones differs from that of porous limestones, above 


considered. 
SEGMENTATION OF VADOSE STREAMLETS IN HIGH-LEVEL GALLERIES 


The process by which neighboring networks are integrated may be 
inferentially traced out. Trickles of vadose water, descending from the 
surface, will have slender falls down slender shafts, where vertical 
grooves or flutings will be dissolved on the walls; but the vadose stream- 
lets will flow on long, nearly level stretches along the minute galleries, 
in the upper ones of which, A, B, figure 4, the streamlets may be de- 
scribed as “perched,” because relatively dry rock separates them from 
other streamlets of lower levels. Some such streamlets may reach a 
valley side in springs and there run down to the valley-bottom stream ; 
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but other gallery streamlets may encounter an inter-gallery shaft before 
a valley-side opening is reached; there the streamlets will trickle down 
to a lower gallery and follow it, either to another shazt or to the valley 
side. As new shafts are developed the streams on upper galleries will be 
cut into short segments, each of which will descend by a shaft to a lower 
gallery ; and as such segmentation goes on fewer high-level galleries will 
deliver streams of good size to the valley-side slopes. The upper galler- 
ies, thus drained of nearly all their water at their shafts, will be enlarged 
much more slowly than the valleys into which they open. 

Matson notes (1909, 44) that “the lowering of the channels of sur- 
face streams [in the uplifted peneplain of the Blue Grass region of 
Kentucky] usually takes place much more rapidly than the lowering of 
the underground streams,” so that the latter may emerge from their 
galleries on valley sides 200 or 300 feet above the stream in the vallev 
bottom. Perhaps the retarded lowering of these underground streams 
and their galleries may be due to their having lost a formerly larger 
water supply by segmentation in the manner just indicated. 

The shafts and galleries of figure 4 may thus be transformed into 
those of figure 5, in which the small, high-level galleries, more and 
more cut up into short segments, will suffer further changes very slowly 
because so little water runs along them. They may remain so small as 
hardly to attract attention in cavernous districts. They may, indeed, be 
filled up with dripstone or flowstone deposits, as will be further sug- 
gested below. 

By the time that the trickling streamlets on the upper galleries are 
thus divided into separate segments, each of which falls to a lower 
gallery after a short, level run, many of the shafts would ordinarily be 
almost dry, because they would have grown large enough to let the surface 
supply of rain water run quickly down to the level of the lowest gallery 
on a relatively impervious stratum, D, figure 5; and there most of the 
previously separate streamlets would be concentrated in a single stream, 
which would run to the gallery mouth; but some of the vadose water 
would, as already noted, descend by lower shafts to deep-lying galleries 
and thus join the ground water below the water table. The effects there 
produced will be considered by themselves in a later section. 


SINKHOLES AND FLOODS 


In the meantime the processes of surface weathering will produce a 
structureless, residual soil of ochreous color, which consists of the 
clayey impurities that remain after the calcite of the limestone is leached 
out and carried away in solution. It is often abruptly separated from 
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the curiously uneven surface of the firm underlying limestone, some- 
what as shown on larger scale in figure 6. Simultaneously funnel- 
shaped sinkholes are formed at the intake of the better-opened shafts. 
Thereafter the movement of 
water in such shafts will gain 
increased importance, while 
near-by, less-opened shafts will 
receive a smaller share of rain 
Forme of Limestone than was previously al- 
under soil Cover lotted to them, because surface 
rills will now run hurriedly past 
them down the sinkhole slope into the larger shaft at the bottom. The 
drainage of a considerable area around the sinkhole, perhaps several 
acres in extent, may thus be gradually concentrated in a single shaft. 
Thus an increasing number of streams, which initially ran unsuspici- 
ously on the surface, are now segmented and taken down to under- 
ground courses. The resulting occurrence of concentrated streamlets and 
streams, actively running along underground galleries in dense lime- 
stones, contrasts strongly with the distributed and very deliberate seepage 
of subsurface water through the pores of sandstones. 
All the shafts and galleries may have various local constrictions or 
narrows; and at times of heavy rain the vadose water may completely 


fill the passages back of or above such narrows. The rain water, gather- 
ing rapidly from the surrounding surface, may then be for a time tempo- 
rarily held in sinkhole ponds. Under such conditions, the pressure ex- 
erted upon the subterranean narrows should, as De Lapparent suggested, 
drive water streams through them with disruptive force, and thus aid 
effectively in their enlargement. 


INCREASING REPLACEMENT OF SOLUTION BY CORRASION 


It is not to be questioned that solution by subsurface water is most 
active when the water is well charged with carbon dioxide; but with the 
enlargement of sinkholes and their shafts, more and more water during 
heavy rains may run underground so rapidly, even from a forested 
surface, that it is little carbonated; and it will have less and less con- 
tact with the rock walls of shafts and galleries during its rapid descent. 
Not until it has reached the lowest gallery above the water table or has 
sunk below the water table into a deep-lying, ground-water gallery will 
it have leisure to dissolve all the limestone that it can, even though 
that may not be much. 
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Moreover, the imperfectly carbonated vadose water may, after its flow is 
concentrated in enlarged low-level galleries as above explained, run out 
of them hurriedly before it is saturated with the little limestone that it 
can carry. Weller’s experience in Kentucky caves confirms this infer- 
ence; he concludes that “streams flowing through cave passages move 
comparatively swiftly and their waters are rarely in contact with the 
limestone for a sufficient time” to become saturated (1927, 63). The 
usual absence of travertine deposits around the outflow of vadose streams 
on valley sides or floors in limestone areas suggests that such is com- 
monly the case. Under these conditions the concentrated, under- 
ground streams of vadose water may accomplish more work in the low- 
level galleries by corrasion’ than by solution; although solution may 
still be the chief duty of slowly percolating, non-concentrated filaments 
of carbonated vadose water above the small, high-level galleries; and it 
will still be the whole duty of the slow-moving ground water below the 
water table. 

Different writers on caverns take almost opposite views on the ques- 
tion here brought up. Some, and they seem to be in the majority, take 
little account of corrasion and ascribe cavern excavation almost wholly 
to solution. For example, Darton and Paige state (1925) briefly and 
without qualification that Wind Cave in the Black Hills of South Dakota 
“has been developed by solution of the rock by underground water con- 
taining carbonic acid gas and soil acids, which formerly flowed through 
crevices along joint planes and gradually enlarged them into tunnels.” 
Others, of whom De Lapparent (1906) is the most emphatic, regard 
solution as negligible and ascribe cavern excavation almost entirely to the 
erosional work of underground streams. 

No account of caverns that I have read explains, in case the author 
favors solutional excavation, how it can proceed when galleries grow so 
large that only thin, discontinuous films of water trickle down their walls, 
films from which evaporation should discourage solution and provoke 
deposition instead; or in case the author favors corrasional excavation, 
how that process can produce galleries of the network pattern which 
prevails in large caverns. It is my object to take account, as far as can 
be done in an inferential inquiry, of these neglected matters; to deter- 
mine if possible the relative importance of corrasional and solutional ex- 
cavation by vadose water, and to apportion the quantity of work done by 


7The term, corrasion, which denotes stream work alone, seems more appropriate 
here than erosion, because erosion implies a close association of stream work with 
weathering; and in caverns weathering is almost negligible. 
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each process as well as to outl'ne the pattern of the passages that it can 
produce. 

After joints and partings are enlarged into open but still small shafts 
and galleries, perhaps to some such size as a garden hose or a stovepipe, 
they may be followed by flowing streams with free upper surface 
wherever they stand with suitable slope above the water table. The 
streams will increase in size from mere trickles near the divides to a 
formidable volume as they enlarge their galleries and receive more tribu- 
taries farther downstream toward their escape into open-air valleys; and 
such enlarged streams will be as a rule concentrated upon the floors of the 
low-level galleries, for by the time that streams are well developed, the 
high-level galleries will be segmented and robbed of most of their water 
by the opening of shafts at various points along their length, as told © 
above. 

Although the low-level galleries thus gain a decidedly greater size 
than those at higher levels, from which the vadose streams have been so 
largely withdrawn, their enlargement is much slower than that of the 
open-air valleys into which they drain. This may be known from the 
greater width of such valleys than of any tributary underground galleries ; 
and thus confirmation is given to the inference already made from sink- 
hole funnels as to the faster progress of unconcentrated, subaerial 
weathering and washing on valley sides than of their subterranean 
equivalents on cavern walls. Indeed, weathering is, as far as tem- 
perature changes are concerned, a negligible factor in the development 
of caverns, because the temperature of their ground air preserves a 
nearly constant value the year round, without regard to external changes 
of days or of seasons. : 

It is not to be expected, however, that the initial gradient of a low- 
level gallery floor, opened on a bedding plane, will always be such that 
the concentrated stream running along it will neither aggrade nor de- 
grade its course. If the strata are truly level or if they rise faintly 
toward the gallery outlet, detritus down-washed from above may ac- 
cumulate on the floor, even to the point of choking it and forcing the 
water to find some other passage of escape. Even if the strata slope 
faintly to the gallery mouth, the slope of the gallery floor must ordina- 
rily be changed, either by aggradation or degradation, to a gradient suit- 
able to the needs of its stream; hence a low-level gallery is likely to 
depart more and more, as time goes on and stream corrasion has its 
effect, from the bedding plane which originally determined it. Many 
little rifles will probably be developed in galleries that are deepened by 
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corrasion ; but they will in time be extinguished by retrogression, and a 
smoothly graded course will be developed. 

Wherever a low-level gallery has, for any reason, a sagging course so 
that the roof there is lower than the floor farther downstream, as at 
S, S, S, figure 7, the gallery will be completely water-filled like an in- 
verted siphon; but the approach to and the departure from the siphon 
will be followed by a floor stream with a free upper surface whose action 
will probably be degrading. If the gallery floor, as determined by a 
relatively impervious floor layer, stands at a moderate height over its 
controlling baselevel as defined by the bottom of a near-by valley, the 
floor will be actively corraded and in time ‘reduced to a graded slope, 
GG, appropriate to the volume and load of its stream; and the inverted 


Ficure 7.—Gradation of a Siphon-passage 


siphons will then be emptied. The gallery wil] at the same time gain 
greater width and height, RR, by rock falls from walls and roof; and 
the rock scraps thus supplied will be used by the corrading streams. All 
this sort of work will increase in measure from the heads to the mouths 
of low-level galleries. All cave galleries should therefore be inspected 
as closely as possible to determine whether they bear marks of stream 
corrasion or not. 

Martel, experienced specialist in the exploration of caverns, has de- 
scribed an eroding vadose stream, “la riviére souterraine des Combettes,” 
in the nearly level limestones of the valley of the Lot, which trenches a 
maturely dissected upland, west of the central plateau of France. It 
follows a gently inclined passage which is reached, 50 meters below a 
surface sinkhole, by a nearly vertical shaft or pit. The passage is from 
2 to 4 meters wide and from 6 to 8 high, for an explored length of 240 
meters. A stream enters the head of the passage from a water-filled, 
inverted siphon, flows along its moderately inclined floor, and falls in 
ten low cascades near the other end, where it disappears in another 
water-filled cavity (cited from Haug, Traité de Géologie, 1907, 357). 
This is evidently at present an example of a corrading vadose stream not 
vet reduced to grade; but it is not strictly pertinent to the present dis- 
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cussion, because the limestone upland above it is not now in its first 
cycle of erosion. 

Under exceptiontal structural controls, good-sized streams may still be 
running in high-level galleries when the later stage of corrasion super- 
sedes the earlier stage of solution. Such streams will then descend to 
low-level galleries in cataracts that resound as they plunge down the con- 
necting shafts. A case of this kind is found in the caverns of St. Can- 
zian, inland from Fiume on the Adriatic, where a turbid stream runs 
rapidly along the fairly even floor of an underground passage, which is 
not distinguished for its dripstones, and plunges with a loud roar down 
a funnel-shaped shaft or pit to unexplored depths; the disappearance 
of the stream is truly rather a frightful spectacle. Various other ex- 
amples of streams disappearing in cavern shafts are known, but most 
of them like this one are again irrelevant to the present discussion be- 
cause the limestones of their districts are as a rule not horizontal but 
deformed, or if horizontal they are not in a first cycle of erosion. Cor- 
rasion by such streams must be fairly rapid; probably more so than 
the solution that is therewith associated. The relation of corrasion and 
rock falls will determine the shape of the passage. Dripstone deposition 
will be little developed as long as rock falls are of frequent occurrence. 

When a low-level vadose stream, ABC, figure 8, draining an inte- 
grated system of underground passages, has graded its cavernous course 

to the level of a near-by valley-floor 
stream, D, it will practically coincide 


eer with the water table just as a sur- 


| face stream does; and it should 
F : then no longer be called a vadose 
stream, but a water-table stream. Its 


Ficure 8.—Dirersion of radose Water 
to ground Water headwaters, AB, fed by trickles of 


vadose water from the surface, may 
in time be segmented and captured from it when a deep-lying, ground- 
water gallery, HF, and its passage, FD, ascending to the surface stream, 
are more and more opened by solution; for then the water in the shafts 
at A and B may stand at a lower level than the headwater stream slope. 
The head of the underground graded stream will then be next below B 
instead of above A. 


DEVELOPMENT OF BRANCHING LOW-LEVEL GALLERIES 


The most significant result of the corrasional deepening of low-level 
galleries should be the transformation of the network system of minute 
or slender interconnecting passages with occasional ascending paths, 
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which earlier prevailed under the action of solution, into a persistently 
down-grade branchwork system of larger passages, with many incom- 
ing but no outgoing branches. Accompanying the transformation 
should go a rather orderly increase in the size ofthe passages from their 
heads near the underground drainage divide to the mouth of the con- 
centrated trunk-stream gallery, where it opens into a valley of normal 
erosion. But no such transformation is to be looked for in galleries at 
higher levels, from which the streams have been with drawn. 

This inference is manifestly based on the belief that a subterranean 
stream behaves, as soon as its passage has grown to such a size that 
it has a free upper surface, essentially as subaerial streams behave. 
The occurrence of a gallery roof can hardly affect the action of a stream 
on the gallery floor, except by letting rock slabs fall into it. If con- 
firmation for this belief is wanted it may be found in the following 
statement by Meinzer (1929) regarding the development of under- 
ground passages in limestones: “Percolating water gradually dissolves 
and removes the limestone and thus produces large underground chan- 
nels [galleries]. By this process a system of underground drainage may 
be developed which is comparable to a surface drainage system in an- 
other [nonsoluble] terrain. The underground streams, like the sur- 
face streams, become adjusted to some base level, such as the sea, a lake, 
or a major surface stream, into which they discharge, and they tend to 
become graded to this base level by the laws of stream gradation. 
Thus in a Karst- region there is developed a sort of underground pene- 
plain which bears a close relation in its genesis to a surface pene- 
plain. . . . On account of the small load of suspended matter gen- 
erally carried by the underground streams and their solvent action, 
they commonly develop channels of low gradient and low ground-water 
divides.” 

A branchwork underground drainage system is evidently here in- 
tended although the system is not explicitly so described; for surface 
drainage systems with which underground systems are compared are 
preeminently characterized by the branching of their stream courses 
and of the valleys which they excavate. But in view of what has been 
said in the preceding sections of this paper as to the greater value of 
corrasion than of solution by underground streams, exception may be 
taken to Meinzer’s statement that “large underground channels” are the 
work of solution; and it may be well to explain that the “underground 
peneplain” is merely a skeleton of branching galleries, not a continuous 
surface; also to note that the lateral diversion of cavern streams by 
rock falls from the gallery roofs is likely to increase as the streams 
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mature and their galleries are widened; while the nearest parallel to 
such rock falls in the history of surface streams is found in landslides, 
which are characteristic of a youthful stage of an erosion cycle and 
which occur much less frequently during maturity. 

The competence of underground streams to wear down their courses 
as long as they are running well above local baselevel. is recognized by 
many writers. Thus Weller, in his account of the caves of Kentucky, 
states: The “streams, by both solution and erosion of their beds, cut 
themselves deeper and deeper into the limestone and drain the smaller 
openings of the rock about them. By repetition of these processes . . . 
the level of the groundwater table is steadily reduced until the base-level 
of the region [as determined by a near-by valley-bottom stream] is 
reached and then the process stops” (1927, 47). The same observer de- 
scribes and illustrates, figure 9, a type of cavern passage thus produced ; it 
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After Weller. Figure 10.—Transformation of a Net- 


work into a Branchwork 


is “characteristically narrow and high, with ragged polished walls 
probably formed by the downward erosion of streams” (55). But after 
reaching grade, such streams must cut laterally, as will be considered 
in the second following section. 

The manner in which the transformation of a solutional network 
system into a corrasional branchwork system is accomplished appears to 
be somewhat as follows: Where a minute, tubular crevice or gallery- 
embryo, sufficiently shown by a single line, RST, figure 10A, was 
originally split downstream, as at S, into two branches, ST and SY, 
one of which leads to‘another embryo, NYP, the split stream following 
one or the other of them—for example, ST—will, soon after corrasion 
sets in, wear down its course more than the other one can, and will 
thus take to itself all the water from the single upstream gallery, RS. 
The downstream gallery, ST, will thereafter be all the more actively 
enlarged. The other split, SY, being left dry, will remain of small size, 
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though it may be a little enlarged by its own local supply of percolat- 
ing water; and RT and NP will be independent of each other. As the 
successful branch, ST, thus wears down its gallery floor lower and lower, 
and at the same time gives the gallery greater width and height, as in 
figure 10B, the little outgoing, dry gallery, SY, still of minute size, 
will be left hanging, discordant fashion, in the wall above the floor. To 
search for its point of exit, a minute aperture, in the 30 or 50-foot side 
wall of the enlarged gallery would be like looking for the eye of a needle 
in a great haystack. It must be remembered that the competition be- 
tween loop-arm streams, by which a network of minute crevices is trans- 
formed into a branchwork of mature galleries, is not postponed until 
the crevices gain such size that they can be entered and examined; it 
begins when they are small and it goes on until one stream arm of each 
loop is victorious. It is my belief that the competition is usually set- 
tled at a rather early stage of cavern enlargement, long before the 
crevices become galleries of explorable size. 

A gallery loop, such as JGHV, figure 10A, will be similarly modi- 
fied; GHV may be a little enlarged as in figure 10B, by its own sup- 
ply of percolating water; but GJ will be little modified; it will remain 
as a small opening in the wall of the effectively deepened gallery, RST. 
Incoming branch galleries will still be of common occurrence; outgoing 
branches will be rare or wanting. The concentrated stream in each 
main, low-level gallery will, to the best of its ability, cut down the lower 
end of the main gallery to grade with the open-air stream at the bottom 
of a near-by valley of normal erosion, as already explained; and the 
upper part of the gallery as well as its branches will also be degraded 
as fast as the streams there running can work. At the same time the 
gallery roof will be raised by successive rock falls. In proportion to the 
corrasional deepening, the gallery floor will depart from the impervious 
stratum which first limited its solutional excavation, especially along 
the middle and lower part of its length. No gallery which has thus been 
deepened by strong-stream corrasion should open at midheight on a 
valley side; and not more than one well-deepened gallery should occur 
at any one part of a valley. Large galleries, one over the other, can not 
be produced by this method of gallery enlargement, unless special con- 
ditions are assumed. Some such conditions will be considered in a later 
section. 

In particular, two kinds of large-gallery pattern, which might be 
common enough in small galleries during the early, network stage of 
gallery developments by solution, are inconsistent with the active cor- 
rasional enlargement of low-level galleries in the manner above outlined ; 
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that being the manner especially advocated by Shaler, De Lapparent, 
and Haug. These impossible patterns are, first, outgoing and returning 
loop-arms of about the same size as the main gallery, as around A, 
figure 11; and second, the subdivision of a side gallery into several 
branches or distributaries of similar size where it joins a main gallery, 
as at B, figure 11. Such patterns could not possibly be maintained by 
degrading streams in competition with one another. Let it therefore be 
repeated that, if caverns are largely of corrasional origin, their galleries 
should as a rule acquire a well-developed branchwork pattern, with a 


Figure 12.—Transformation of angu- 


lar into curved Galleries 


Figure 11.—Types of Gal- 
lery Patterns not producible 
by Corrasion 


persistent, downstream gradient along the gallery floors, except where the 
floors are encumbered with rock falls from the roof or with detritus 
washed down sinkholes; and the galleries should manifest a systematic 
increase in size from heads to mouth. Such galleries might have, at 
an early stage, a pronouncedly angular pattern, as in figure 124, 
because they are primarily guided by intersecting joints; an actual case 
of this kind is shown in figure 39. But if corrasion has been effective, 
the intersection angles should later be fairly well rounded, as in figure 
12B; and as corrasional deepening proceeds and a graded gallery pro- 
file is developed, the course of the corrading streams should become 
increasingly meandering, and the meander curves should then be much 
better developed at the gallery floor than higher in its walls. 

Excellent confirmation of this inference has been unexpectedly pro- 
vided in a detailed map‘of Boiling Springs Cave in southern Missouri, 
made in 1901 by Messrs. Koeberlin and Stauber, students in the Missouri 
School of Mines, and kindly sent to me by Prof. C. L. Dake of that 
institution. A part of the map is reproduced on much reduced scale in 
figure 13, in which the openly visible part of the south-flowing stream 
is black, while the part of the stream that undercuts the side walls near 
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their base is dotted. Let it be added, however, that as this cave lies 
below the uplands of a dissected peneplain it may have been produced 
by ground-water solution before the peneplain was raised, and in that 
case the meandering course of the present stream on the cave floor may 
be merely a subordinate modification of the previously produced gallery 
pattern. It is possible that further observation may lead to a decision 
as to the proportions in which earlier solutional and later corrasional 
processes have been here combined. 


FiIGurE 14.—Blind Galleries in Mam- 
moth Cave 
After Hovey. 


FIGURE 13.—A meandering 

Stream on the Floor of 

Boiling Springs Cave, Mis- 
souri 

After Koeberlin and Stauber. 


Corrasional galleries may have blunt heads, as at NV, N, figure 12, B, 
where their streams are fed from shaft cascades; there may be occa- 
sional back-handed branches, at R, R; there may be overhead crossings, 
as at (, C, if the two levels are separated by watertight strata; there may 
be sudden descents marking the sites of ungraded rapids or falls; there 
may be local ascents where the floors are encumbered with rock falls 
from the roof; but the solid rock in the floors of low-level galleries that 
have been well degraded by their streams must have persistently down- 
stream gradients without lateral splits or loops. Furthermore, galleries 
ending in blind chambers, such as H. C. Hovey mapped in Mammoth 
Cave (1882, 97), here outlined on reduced scale in figure 14 by permis- 
sion of Stewart Kidd, bookseller, Cincinnati, seem impossible of excava- 
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tion by running water; but perhaps they are equally difficult to explain 
by solution in a nearly stationary water-filling. 

On the other hand, the somewhat sinuous pattern of certain linear 
caves, described below, would be entirely consistent with their corra- 
sional production by vadose or water-table streams as above explained, 
if their regions were now in a first cycle of erosion; but as they are 
now in a second or later cycle, the possibility of production by ground- 
water solution also has to be considered. A few examples of such caves 
may be instanced. 

Three segments of Clifty Cave, a loopless gallery in southern Indiana, 
2,650 feet in total length, are traced in figure 15 from Blatchley’s 
report (1896, 143); they might well be stream worn. Ellers Cave, 
figure 16, also in southern Indiana, is also loopless but of more compli- 
cated pattern. Here two narrow galleries lead southward from a 30-foot 


Figure 16.—Ellers Cave, In- 
diana 
After Blatchley. 


FicurE 15.—Segments of 
Clifty Cave, Indiana 
After Blatchley. 

chamber or vestibule near the northern entrance. Each gallery is of 
simple pattern without loops, and therefore not inconsistent with a cor- 
rasional origin; except that the southeastern gallery has several angular 
turns and branchings which are not so well rounded off as they should 
be if streams had corraded them. Blatchley’s account of this cave 
(1896, 134) tells that the higher and drier southeastern gallery enters 
the vestibule 8 feet above the lower and wetter gallery; the latter is 
regarded as a water-worn crevice, as it is only from 2 to 4 feet wide, 
with a height of from 3 to 15 feet. Unfortunately neither gallery is 
shown in profile; hence it is impossible to say whether or not the upper 
gallery should have been cut down more nearly to the level of the lower 
gallery, if both are stream corraded. 
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A cleftlike, linear passage in southern Indiana, recently mapped by 
Malott and his associate and here shown in part in figure 17, is the 
continuation of a dry cavern, known as Salts Cave, about 500 feet long 
and 20 or 30 feet wide. It lies 3 miles northwest of O, figure 25. The 
cleft is only from 14% to 5 feet wide through most of its 1000-foot length, 
but is from 15 to 30 feet high. Its mud-filled bottom, 20 feet lower than 
that of the cave, is followed by a stream. The cleft splits into several 
small loops; and at one point it expands into a chamber, 40 by 60 feet 
across, the mud-covered floor of which is 10 or 20 feet higher than that 
of the cleft, as if marking flood-level. The cleft thus seems to have been 
opened by solution to such a depth that, when a running stream took 


Ficgure 17.—Part of Salts Cave, Indiana 
After Malott. 


possession of it, probably in consequence of valley degradation as shown 
in figure 28, aggradation became necessary. Except for its depth and 
its small loops this narrow passage might well have been stream worn. 
It is possible that a close examination of its walls may give satisfying 
evidence of its origin, which may prove to be primarily solutional and 
secondarily, in its basal part, corrasional. 

Several other examples of linear caves will be given on later pages, 
where the question here under consideration will be taken up in a some- 
what different connection. The problem that such caves offer is evi- 
dently first to discover a means of discriminating between the two un- 
like methods of origin that have been proposed for them, and second to 
discover how far those two methods, first solution and then corrasion, 
have taken part in producing each linear cave that is explored. 


EXCEPTIONAL MAINTENANCE OF LOOPED GALLERIES BY VADOSE CORRASION 


There are conceivable exceptions to the rule that mature galleries of 
vadose corrasion should be of branchwork pattern, as there are to most 
other rules. For example, if the initial floors of a network system of 
minute passages, as determined by a relatively impervious stratum, 
have about the slant of the gradients that will be later desired by their 
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concentrated streams, and have also about the altitude, D, figure 5, that 
will lead the mouth of the main gallery to the floor of the valley into 
which it opens, the network may be maintained while its various parts 
are undergoing corrasional enlargement; for in such a case the enlarge- 
ment will be chiefly accomplished by lateral corrasion of the streams and 
by rock falls from the gallery roofs; and in the absence of pronounced 
floor deepening, nearly all the original loops and splits may survive. 

But even if these highly specialized conditions should obtain in one 
cavern, they could hardly obtain also in neighboring caverns, where the 
valley stream and the controlling stratum would no longer coincide at 
the cavern mouths. In any case, a condition which depends on the for- 
tuitous correlation of independent elements must be a rare occurrence. 
However, if the attitude of the low-level gallery-embryo on the floor of 
which the vadose waters from higher galleries are later to be concen- 
trated, is not arbitrarily determined in advance by a controlling stratum, 
but follows that particular one of many possible guiding strata which 
will lead it to the bottom of the valley into which its waters are to dis- 
charge, then the coincidence that will permit concentrated vadose 
streams not to corrade their gallery floors need be only between the 
slant of the strata and the gradient that the streams desire. Yet even 
the single coincidence of such a case can hardly be so precise as not to 
permit an initial solutional network to be transformed into a more 
mature corrasional branchwork as a smaller number of enlarged galler- 
ies which running cavern streams follow are selected from the many, 
small original passages; for only a few inches of corrasion-excess along 
one arm of a looped passage will suffice to draw away the water from 
the other loop; and a few inches of corrasion is a very small matter in 


a cavern 2,000 or 3,000 feet in length. 
Weller’s diagrams, one of 


which is reproduced in modi- 
fied form in figure 18, bring 
about the specialized coinci- 
dence above specified by rep- 
resenting the limestone strata, 
the galleries developed along 
FiauRE 18.—Lowering of the water them at various altitudes, and 
Modified Rn figures. the gallery-floor streams as 

level, probably because the fall 

of a graded stream is so weak as hardly to be seen. The lowest gal- 
lery is supposed soon to become adjusted to local baselevel as deter- 
mined by the adjacent valley bottom; but this adjustment will ordi- 
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narily involve some corrasional work. Diagrams by several other 
writers imply more or less clearly a similarly explained coincidence. In 
the diagrams here presented, figures 4, 5, 22, 23, and others of like 
form, level strata are assumed, but coincidence is shown only between 
the controlling strata and the minute galleries initially excavated along 
them. While such galleries are still small, the water table must be on 
a slight slant and must therefore rise to a greater and greater height in 
super-gallery crevices as it recedes from the cavern mouth. In conse- 
quence of this slant, the upstream parts of small low-lying galleries will 
be water-filled. In later stages of gallery development by vadose cor- 
rasion and solution, the gallery floors will be deepened downstream, and 
will thus acquire gradients toward the valley of discharge, as is faintly 
shown for gallery D, figures 5 and 22. As such gradients are propa- 
gated upstream, the water-filled gallery embryos will be drained and 
their streams will take part in the general deepening of the gallery sys- 
tem. When it is remembered that large caverns are several miles in 
length, and that the gradient of graded cavern streams is presumably 
low because their load is small, the departure of a maturely graded 
stream from the stratum which initially guided it must be of no in- 
significant measure; nearly always enough (except perhaps near the 
gallery head) to permit the development of a mature corrasional branch- 
work from an original solutional network. Moreover, inasmuch as such 
departure is greater along the trunk stream than along its branches 
(except in very old stream systems), a coincidence between attitude of 
strata and the grades desired by mature streams may be regarded as 
geologically impossible. The deeper entrenchment of the trunk streams 
must ordinarily suffice to cause its branches to deepen their courses also, 
and thus gradually to change a fine network of vadose currents into a 
larger branchwork, long before the gallery floors gain the width that they 
possess in many caverns. 

It was said above that, in consequence of the necessary rise of the 
water table upstream, all the small galleries and crevices thereabouts in 
a low-lying cavern would be water-filled. The nearer the mouth of a 
level gallery lies to the level of the stream in the valley of discharge, 
the more extensive will such water-filling be. Let it therefore be added 
here that, as long as such a condition obtains, the water-filled galleries 
will be enlarged by ground-water solution a little below the water table. 
If after the enlargement is well advanced, the water table is lowered by 
the degradation of the controlling valley floor, the enlarged galleries, 
still of network pattern, will exchange their ground water for ground 
air and thus become the seat of dripstone deposition. This important 
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possibility is further considered on a later page where Marengo and 
Wyandotte caves in southern Indiana will be adduced as examples of 
caverns that are believed to have been excavated and drained in this 
way. 

- LATERAL CORRASION BY CAVERN STREAMS 

While a cavern stream is wearing its low-level gallery down to grade 
by vertical corrasion, lateral corrasion may be active in enlarging the 
curves around corners, as in figure 19; and rock falls may cause local 
departures of the down-cutting stream to one side or the other of the 
master joint by which the gallery was originally located. But not until 
after grade is reached will a general widening of the floors be begun. 
Such widening must then take place, unless streams behave differently 
under ground from under air. One of the first effects of flood widening 


Ficure 19.—Corrasional Enlargement of an angular Joint-passage 


will be an increase of rock falls from walls and roof. The walls will 
therefore be faced with broken-off strata having angular edges, except 
where they are rounded or fluted by trickles of vadose water. So long 
as no great width is gained, the roof may be of a flat, Romanesque style; 
but if width of floor is progressively increased, as in the larger galleries 
of figure 19, its measure of wall base always being greater than the 
measure from wall to wall above the floor, the flat roof will be transformed 
into a steep roof of imitation Gothic style, which gains ability to maintain 
a broad span by increasing its height. It should be remembered that 
under this interpretation of gallery enlargement, it will take place 
chiefly at low levels, little above the water table, because high-level gal- 
leries can seldom be persistently followed by large streams. 

Weller’s account of widened galleries merits quotation, as it is based 
on direct observation in the Mammoth Cave district of Kentucky. The 
galleries are “characterized by flat or roughly arched roofs and walls 
which have developed along fractures in the limestone. This type of 
passage sometimes opens out into enormous chambers. . . . The 
floors . . . are generally strewn with fallen blocks of limestone of 
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varying dimensions, and great masses of debris rise in many of the 
wider stretches. . . . The streams [having reached grade] could 
not erode their channels deeper and their energies were devoted to 
lateral cutting and the undercutting of certain strata of the limestone 
removed their support and allowed them to collapse. The fallen frag- 
ments were gradually removed by the streams” (1927, 55-56). 

The assumed failure of the streams here considered to wear down the 
floor of their widening galleries may be explained by the early solu- 
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FicurE 20.—Enlargement of a Gallery by a graded Stream 
After Weller. 


tional selection of gallery-embryos, on which streams are to be later con- 
centrated, at a level which would lead them, as above suggested, out at the 
bottom of the valleys into which they drain. Thus the growing gallery 
shown in Weller’s figures, here compressed into a single diagram, figure 20, 
suffers no deepening during its widening and is therefore just the op- 
posite of the narrow gallery in figure 9, which suffers no widening 
during its deepening. A combination of both processes in the produc- 
tion of a large gallery seems of more likely occurrence than the separate 
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Figure 21.—Enlargement of a Gallery by Deepening and Widening 


action of each process alone; deepening being more active at first and 
widening gaining the upper hand later on; it would be by such a com- 
bination that the perched water-table stream in the lowest gallery of 
figure 18 would be brought into a graded relation with the valley- 
floor stream of which it is an underground tributary. 

During the growth of a deepening and widening gallery its stream 
would be frequently displaced to one side of the floor by local rock 
falls; and on the curved course thus given to it, it would tend to depart 
still more, first to one side then to the other, as in figure 21, from the 
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inclined joint which it originally follows. Moreover the deepening of 
the gallery would reduce the number of its initial loops and would thus 
tend to develop a corrasional branchwork gallery pattern from the 
early solutional network; but in an extensive cavern this change might 
not reach to the headwaters of the longer galleries, such as D, figure 22, 
and the network would persist there as above noted. 

Yet even if gallery deepening is represented as negligible in Weller’s 
diagrams, gallery widening is there taken to be so competently performed 
that it is fair to assume that the widened gallery, if drawn in plan, 
would have a characteristic valley-floor pattern; that is, it should have 
curved, not angular, turns. This inference should be borne in mind 
when examples of well-widened cavern galleries are given in a later 
section. 

Lobeck also in his account of Mammoth Cave describes two types of 
“cave passageways . . . those which follow the [vertical] joints 
and those which follow the bedding planes. The former are apt to be 
high and comparatively narrow. The latter are apt to be wide and 
comparatively low” (1928, 46). Both types are modified by rock falls; 
the fallen rocks are worn down and carried away by streams. In 
view of the importance given by this observer to corrasion, as an aid 
to which he mentions the presence of sand washed down through sink- 
holes from an overlying sandstone, the close adherence of gallery floors 
to bedding planes in his diagrams is surprising. Indeed, if actual gal- 
leries agree as closely with bedding planes as he represents them, their 
floors can hardly have been modified significantly by corrading streams. 
This matter will be again referred to when the Mammoth Cave is dis- 
cussed in a latter section. 


RELATION BETWEEN SOLUTION AND CORRASION 


During the early stages of cavern development when underground 
joints and partings are in their least opened or embryonic state, solu- 
tion although acting slowly acts alone. Only as the joints and partings 
are enlarged by solution sufficiently for trickling streams to follow them 
will corrasion take a share with solution in their further enlargement. 
But from that time on corrasion rapidly gains in efficiency until it seems 
to be the more potent of the two processes. This would surely be the 
case when sinkholes come to be so well and so 4bundantly developed on 
the surface that much of the rain water quickly descends by the sink- 
hole shafts and is thus prevented from becoming carbonated by slowly 
soaking through the surface soil. 

However, that part of the rain water which soaks through the soil 
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and thus does become carbonated will continue to act as a solvent agent. 
Many joint passages that were previously closed will be slowly opened; 
and the descending carbonated water will thus become more or less 
fully saturated with calcite. If a number of such slowly enlarging 
joint passages lead down to a crevice in a gallery roof, they may cause 
the expansion of the roof into a dome-shaped chamber. Thus Matson 
notes regarding the caves of the Blue Grass region of Kentucky: “Not 
only is slight resistance to solution offered along certain lines, but in 
certain spots, owing to the presence of numerous open joints or to the 
solubility of the rock, very large chambers—‘domes’—are formed. It is 
noticeable that the ‘domes’ are the points at which considerable water 
enters the underground channels. This water, coming fresh from the 
surface, is charged with a great amount of carbonic acid and it attacks 
the limestone about the point of entrance; as it flows farther and farther 
from the point of entrance it loses its power to dissolve the rock, be- 
cause it has gradually picked up as large an amount of calcium car- 
bonate as it can carry” (1909, 42). 

But when carbonated water thus percolates into an enlarged gallery and 
drips from the roof through the ground air to the floor, it should cease 
to act as a solvent agent and become a depositing agent. All geological 
writers on caverns seem to agree upon this point; for under such con- 
ditions the escape of carbon dioxide, even without loss of water volume by 
evaporation, compels the deposition of the larger part of the calcite 
previously dissolved. 

Such deposition seems all the more inevitable in high-level galleries 
from which vadose water has been largely withdrawn; for the air in 
those galleries must be relatively dry, thus provoking evaporation. In 
a low-level gallery, where vadose water is concentrated and the ground 
air is kept somewhat moist, dripstone deposition may not be so promptly 
provoked ; but even there the escape of carbon dioxide would take place, 
if any is still contained in the trickling roof water, and that would cause 
large deposition. If the escape of carbon dioxide has already taken place 
in a higher gallery, then the vadose water must remain saturated as it 
makes its way to the low-level gallery and it therefore can not act as a 
solvent. 

Vadose water, already about saturated with calcite on its way down to a 
gallery, must become less and less competent as a dissolving agent and 
may deposit some of its mineral content on the gallery roof or floor. 
Having done so, its drops and trickles will still remain incompetent as 
dissolvers, because they must still be saturated. Not until they join 
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a stream on a low-level gallery floor and are there mixed with non- 
saturated water can they take part in dissolving their rocky bed. They 
can not act upon the gallery roof or walls in that way. It would there- 
fore seem that, insofar as solution takes place at all in enlarged galleries, 
it will be chiefly in close cooperation with corrasion in the work of lower- 
ing the gallery floor. The effect on roof and walls will be mostly indirect, 
through rock falls. But these inferences apply only to caverns produced 
in dense limestones during a first cycle of underground erosion. When 
a second cycle is considered on a later page, inferences as to the action 
of descending water here stated will be modified. 

There appears to be a self-regulating process by which the solutional 
removal of calcite by descending vadose water from joint passages will 
not only be retarded, but may even be reversed into deposition. For as 
soon as such passages reach a size too great to be water-filled, the dis- 
solved carbon dioxide, on the presence of which the solvent power of the 
water so greatly depends, may escape into the ground air of the pas- 
sage ; moreover some of the water will evaporate there and a part of the 
previously dissolved calcite will thereupon be deposited on the passage 
walls. If the ground air should be removed from the enlarged part of a 
vertical shaft by a descending current of water acting like a mercury 
vacuum pump, the carbon dioxide would escape from the water into the 
evacuated space and evaporation would take place all the more readily ; 
deposition of calcite would then be all the more prompt. 

There seems to be, as above noted, a universal agreement among 
geologists as to the truth of the principle and the efficiency of the proc- 
ess here involved. The only question that arises as to the application 
of the process in the present connection concerns the size that an under- 
ground passage must attain and the dryness that its ground air must 
acquire before the process begins to act. The minimum size is un- 
known, but it must surely be much less than that of the vast chambers 
to which some caverns have been enlarged before the deposition of their 
dripstones began; for such deposition is already active in smaller cav- 
erns and indeed in the smaller parts of great caverns. I am inclined 
to place a rather low limit on the size of underground passages in 
which solutional excavation by trickling water will be reversed into 
depositional replenishment, provided their ground air is fairly dry. This 
statement does not apply to cavernous passages that are in process of 
enlargement by large-stream corrasion, because their ground air is damp. 

It is, indeed, conceivable that a delicate regulation of passage size 
may be established. If an underground shaft is enlarged in a certain 
part of its length to a size sufficient to cause evaporation and escape of 
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carbon dioxide from the intermittently descending water, some of the 
calcite dissolved from the passage above the cavity must be deposited in 
it as an incrustation; and the cavity may thus be reduced in size suf- 
ficiently to check evaporation of water and to retard escape of the carbon 
dioxide, and thus to put a stop to the deposition of incrusting calcite. 
Thereafter a balance between solution and deposition ought to be main- 
tained; but it would have to be a slightly oscillating balance, by reason 
of fluctuations in the amount of vadose water as determined by changes 
of weather and of seasons, and in the amount of carbon dioxide fur- 
nished by the soil. Whether such a balance is ever realized I do not 
venture to assert. Its realization would seem to be limited to that in- 
accessible part of a limestone mass which is situated between the surface 
of the land and the roof of underground galleries. A study of railroad 
tunnels in cavernous limestone might be useful in this connection. 

If the inference above outlined is incorrect, and a cavity, instead of 
being filled up by deposition, is assumed to be enlarged by continuous 
solution until it gains a cavernous size, such enlargement will be of 
difficult explanation because of the unfavorable conditions under which 
vadose water is compelled to act there. Some of it will drip from the 
roof of the enlarging cavity; only the remainder that trickles down the 
walls will dissolve them away; and when the trickle is reduced to a mere 
film by the enlargement of the cavity as well as by evaporation of the 
trickling water into the cavern air, its solvent power should be greatly 
enfeebled, if not reversed into deposition. The account of Porter’s Cave, 
Indiana, as described by Addington (1927), includes an instance of 
local flowstone deposition in a small gallery followed by a vadose stream. 
Such deposition must of course be limited to points where percolating 
water enters the underground passage; but at such points the passage 
may be more obstructed by flowstone deposited from a trickling tribu- 
tary than it is enlarged by the corrasion of its main stream. 

The preceding considerations lead me again to place a low value on the 
capacity of percolating vadose water to enlarge caverns by solution, 
although that method of enlargement has often been favorably consid- 
ered. There can be no question as to its efficiency at an early stage of 
the cycle in producing slender channels by dissolving out passages along 
joints and bedding planes; and it is possible that, after such passages 
are well enlarged, trickling water may, if not already saturated with 
limestone, dissolve runnels in the passage walls and thus cause a slow 
enlargement; but trickling and dropping water must as a rule at this 
well-advanced stage of the cycle already have become saturated during 
its descent from the surface; and must therefore be provoked to act not 
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as a dissolving but as a depositing agent when it enters a large cavern 
chamber. Hence, insofar as vadose water trickles and drops, it can 
not be an important means of cave production by solutional excavation. 

Another view of this matter has been expressed by Procter, formerly 
state geologist of Kentucky, as follows: “The acidulated water oozing 
through the limestone disintegrates the surface, so that there is a con- 
stant dropping off of particles, thus slowly but constantly widening the 
channels into broad and lofty avenues” (1898, 645). This view goes 
so directly against the opinion of many other observers who regard dense 
limestones as essentially impermeable that it is not accepted. 

But exception to the above stated conclusion that vadose water does 
not act chiefly as a dissolving agent must be made in favor of the so- 
lutional action of sinkhole water where it trickles down shafts and 
enlarges them by fluting their walls with deep runnels. Here the 
quickly descending water, even though little carbonated, may run down 
the shaft walls to a considerable depth before it becomes saturated with 
calcite and ceases to act as a dissolving agent; but such can not be the 
case with slowly percolating vadose water. Moreover, while shafts may be 
thus enlarged—and they certainly have in some way attained enormous 
size in the Mammoth Cave—galleries can not be enlarged in the same 
way ; and most caverns have the form of galleries, not of shafts. Hence, 
however effective the solutional action of sinkhole water may thus be, 
it is in that respect exceptional. 

As far as I have read none of the explanations of cavern galleries by 
the solutional action of vadose water take sufficient account of the above- 
stated unfavorable conditions under which it acts; much less do they 
show how such conditions are overcome. On the contrary all explana- 
tions of cavern origin make it clear that, when carbonated vadose water 
bearing a good charge of calcite percolates into an enlarged subterranean 
cavity, part of its carbon dioxide escapes or part of the water evaporates, 
and if the remainder does not become a depositing agent, forming drip- 
stones, thus replenishing instead of further enlarging the cavity, it must 
at least be ineffective as a solvent because it is still saturated. 


DRIPSTONE DEPOSITION IN CAVERNOUS GALLERIES 
It has been suggested by some observers, and especially by Weller 
(1927, 64), that dripstones do not form in a low-level gallery so long as 
streams are running on the gallery floor, because the ground air is then 
kept so damp that not enough evaporation of percolating waters can take 
place to cause deposition of their calcite. But inasmuch as dampness of 
the ground air would not prevent the escape of carbon dioxide, and as 
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such escape might cause a greater primary deposition of calcite than 
subsequent evaporation could, it follows that this suggestion implies 
that the percolating waters entering a damp gallery must have already 
lost, probably in the higher and drier galleries, the carbon dioxide which 
they acquired while soaking down through the soil; hence the higher and 
drier galleries, in which the charge of carbon dioxide escaped, ought to 
be already filling up with dripstones while a low-level gallery, followed 
by a concentrated vadose stream, is still in process of enlargement. The 
explanation also implies that nowhere during their descent below the 
upper limestones, where trickling waters become saturated with calcite, 
can they contribute to the excavation of caverns by solution; only after 
reaching a low-level gallery where they may be diluted by mixing their 
trickle with the nonsaturated water of the concentrated vadose stream can 
they take part in dissolving their rocky bed; and even there, their corrad- 
ing work probably exceeds their dissolving work, because corrasion con- 
tinues as long as a stream runs, while solution stops when a stream 
becomes saturated. 

It may be further remarked that while the enlargement of a low-level 
gallery by corrasion of the floor and by rock falls from the roof is in 
active progress, any dripstones that form there will not have oppor- 
tunity of gaining great size, because the rock falls will carry down those 
on the roof and crush those on the floor. But in the smaller, high-level 
galleries from which segmented streams have been withdrawn by the 
opening of many shafts and in which rock falls are rare, dripstone 
deposition caused by loss of carbon dioxide as well as by water evapora- 
tion may be expected to continue until thick columns connecting roof 
and floor are formed. Matson notes that such galleries in the lime- 
stones of the Blue Grass region in Kentucky are thus ornamented, but he 
ascribes the deposition to evaporation (1909, 44) rather than to loss of 
carbon dioxide. According to this theory of dripstone deposition, its 
best opportunity in a low-level gallery will come when the floor stream 
has been withdrawn to a still lower gallery; but as this can not happen 
until an advanced stage of the erosion cycle, its consideration will be 
postponed to a later section. 


TRAVERTINE DEPOSITS 


In view of what has just been said as to the inefficiency of solution 
by vadose water, it may be asked whether the occasional occurrence of 
travertine deposits formed by springs in the valleys of well-dissected 
limestone uplands does not lead to the opposite opinion that vadose water 
is an effective solvent. A negative answer may be given to this question 
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by those who accept the generally offered explanation of dripstone de- 
posits in caverns, for well-dissected limestone uplands are usually cav- 
ernous; and when carbonated vadose water descends into caverns it ought 
to deposit in dripstones the calcite that it has dissolved on the way there ; 
and after making such deposits underground, it is not likely to continue 
to make them on issuing to the surface in a valley-side spring; partic- 
ularly if the saturated water is joined by nonsaturated vadose water on 
the way before emerging; and that it commonly is not saturated is indi- 
cated by the prevailing absence of travertine near cave mouths. But 
this view must be modified where deposition from emerging spring water 
is caused by evaporation. 

On the other hand, if deep-lying ground water is able, by reason of 
being more or less carbonated, to dissolve a certain amount of calcite 
from the walls of its water-filled galleries below the water table, there 
will be no opportunity for escape of the contained carbon dioxide and 
hence no reason for calcite deposition until the ground water rises and 
emerges at a surface spring; but then deposition will be almost un- 
avoidable, unless the rising ground water is diluted by the addition of 
nonsaturated vadose water near its point of emergence. This conclusion 
is, to be sure, opposed to Lee’s dictum that “the direction of transfer of 
material by solution is always downward” (1925, 114); but that seems 
an erroneous generalization. 

Hence when travertine deposits occur in cavernous districts—and 
most well-dissected limestone districts are more or less cavernous— 
they suggest the emergence of saturated ground water, and thus give 
support to the view that ground water is competent to excavate deep- 
lying, cavernous passages by solution. Among the most interesting of 
such deposits are those that form the rimstones which produce cascades 
in streams, presumably near the emergence of channel-bed springs. 
Holmes has described cascades of this kind in Central America (1897, 
208) and La Touche in Farther India (1913, 325, plates 18-20) ; they 
have come within my experience at Tivoli at the base of the Apennines 
near Rome and at various points in Bosnia (1901, 42). An example 
described by Reagan (1903) at Soda Dam on Jemez River near Albu- 
querque, New Mexico, is of special interest on two grounds; first, be- 
cause the dam is clearly associated with springs which there emerge 
along a fault trace as if rising from below the water table; and second, 
because evidence of long-continued deposition from the same fault is 
seen in remnants of travertine at various levels on the valley side up 
to 1,000 feet above the present stream. It would seem that a great 
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amount of limestone must have been carried out from deep-lying 
sources by these springs and that cavernous spaces must therefore have 
been excavated there by ground-water solution. 

Deposition in cascade dams of this kind and perhaps in travertine 
generally appears to be aided by algae, which presumably take for their 
own needs the carbon dioxide to which the water owes its solvent power 
over calcite; but as similar rimstone deposits occur in the complete 
darkness of caves, as will be told in a later section, the aid of algae 
can not be essential. As stream water is still “hard” below rimstone 
cascades, the deposits there formed can not contain all the limestone 
brought out from underground by the cascading stream. 


THE MATURE OR KARST STAGE 


While the low-level gallery floors of cavernous districts are worn 
down to grade and widened by their corrading streams and their roofs 
are vaulted by rock falls, and while deeper-lying passages are slowly 
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Figure 22.—Mature or karst Stage of cavern Development 


enlarged by ground-water solution, the surface of the upland above 
them is suffering normal subaerial degradation. Thus figure 5 changes 
to figure 22. Near the larger valleys, gallery roofs are becoming dan- 
gerously thin, even to'the point of collapsing; and as time passes such 
transformation of cavern galleries into open valleys may extend farther 
and farther upcavern toward the divides. At the same time the upland 
surface is becoming more and more pitted with sinkholes, wherever 
steeply inclined joint intersections are effectively opened by solution and 
weathering: and thus, if the upland is still elevated enough to have 
rather active drainage, it in due time enters upon the so-called karst ® 
stage of development, in which large, funnel-shaped sinks occupy the 
greatest part of the surface, leaving little more than sharp edges between 
them. Many streams that ran on the surface in the youth of the region 
are now segmented at swallowholes and led underground. It is pre- 
sumably before this stage that the degrading action of underground 
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streams was in fullest operation; for at the karst stage those streams 
should have already reached graded profiles. 

In certain upland districts of Kentucky where, as Jillson states 
(1924), the limestones are thick and pure and the valleys have a depth 
of 300 or 400 feet, the karst stage is well represented with abundant 
sinkholes, both open-spaced and close-set. In lower districts of the 
same state a karst topography of lower relief is developed. A large- 
scale map of a pronouncedly karst district in Indiana has been made 
by Addington (1928, 22). 

Another karst area deserving of mention has been found in a lime- 
stone coastal plain of Porto Rico, as described by Hubbard. Two con- 
sequent rivers, rising in the backland, cross the plain in valleys over 300 
feet deep; one of them, part of whose valley is obstructed with large 
limestone masses as if by falling-in of cavern roofs, flows underground 
in part of its course. Most of the original plain is now reduced to sink- 
holes and conical hills, making the surface “so rugged that travel across 
it is possible only by a few favorable routes” (1923, 83). “In many 
places . . . the low rumble of underground rivers can be heard; in 
other places they are seen in the bottom of the large sinkholes, where 
the water comes briefly to view, boiling as though in some giant cauldron. 
After a continuous 24 hours of rain, it was noted that there was prac- 
tically no surface run-off on the Cibao prairie” (88), a less-dissected 
part of the plain. The sinks and hills are best developed where the 
limestone is pure and the rainfall abundant. The hills have unsymmetri- 
cal slopes ; “the daily showers occur usually in the afternoon . . . and 
hence while the rock on the west is at a higher temperature than that on 
the east or shaded sides. This increases the rate of solution, and results 
in a more cavernous structure being developed on the west sides.” 


THE KARST OF THE ADRIATIC 


It may be here noted that, in the original Karst land adjoining the 
northeastern Adriatic, where the limestones are not horizontal but much 
folded with northwest-southeast trend, the surface, mostly treeless and 
of moderate mountainous relief, is exasperatingly difficult to travel 
over—truly a mauvaise terre of its own kind, yet not so acutely rugged 
and ragged as the etched limestones of elevated coral reefs—bhecause of 
the removal of the residual soil and the exposure of the exceedingly 
uneven ledges of solutional erosion beneath. These peculiar limestone 
forms, the irregularity of which is increased on a finer scale by the 
production of downslope runnels which are often separated by sharp- 
ened edges, have no generally adopted English name, but are known as 
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Karren in German and as Lapiés in French. They are well described, 
with superb photographs, by Cviji¢ (1924), but with hardly sufficient 
attention to the part played, in some cases at least, by solutional ero- 
sion under a now-vanished soil cover. 

The ruggedness of the treeless Adriatic Karst has been explained by 
local observers as primarily caused by reckless deforestation under 
Roman domination nearly 2,000 years ago; and secondarily by the 
washing away of the soil after the trees were gone, whereby the rugged 
limestone ledges were laid bare. Unrestricted grazing by cattle and 
goats ever since on grass and bushes that grow on little patches of soil 
still retained in the hollows between the ledges has prevented trees 
from growing again. Quite unlike the forested karst of Kentucky, the 
Adriatic region has a very barren appearance, in spite of its plentiful 
rainfall. Curiously enough, spaces in that Karst that have been enclosed 
and thus protected from pasturing animals are spontaneously overgrown 
with a variety of trees in a score of years, as I had opportunity of seeing 
during a journey there in 1899 (1901, 27). A notable feature of the 
region is the even declivity of the mountain slopes, such as is found often 
elsewhere under a forested soil cover, and such as was there also pre- 
sumably soil-covered and forested at the time of its production in pre- 
Roman days. 

It may be added that certain ones of the higher Karst mountains 
exhibit immense sinkholes; if caverns below them are of corresponding 
size they must be enormous. Furthermore, if caverns have been ex- 
cavated there, that would show that their excavation is not necessarily 
initiated only below flat uplands, as some writers have suggested. It is 
possible that the production of greatly enlarged shafts or dome-pits may 
be associated with the karst stage of cavernous erosion. These curious 
features will be especially considered in the discussion of the Mam- 
moth Cave on a later page, as they are exceptionally well developed there. 


THE SUBDUED STAGE OF BLIND VALLEYS 


At a still later stage than that of karst development, underground 
streams, already at grade, are still enlarging their galleries, chiefly it 
may be supposed by lateral corrasion supplemented by roof falls. Simi- 
larly, deeper galleries are still growing by ground-water solution. By 
this time groups of sinkholes seem, as subaerial degradation advances, 
to blend together, thus extending normal valleys or forming “blind 
valleys,” Y, Y, figure 23; that is, somewhat elongated and fairly broad 
depressions, occupied with close-set, shallow sinks ; or if smoother floored, 
drained by streams which disappear in cavernous passages. Surviving 
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residual hills between these depressions may still contain caverns, which 
represent the remains of previously longer gallery systems, not yet ex- 
tinguished in the growth of the blind valleys. Thus the continuous 
cavern of layer D, figure 22, is segmented in figure 23. Although of 
diminished length, such segmented caverns may be more accessible than 
formerly by reason of having an increased number of valley-side en- 
trances. 

Mammoth Cave and its neighbors in Kentucky appear to be, at first 
thought, caverns of this kind; but it will be shown later that the flat- 
topped ridges which they perforate are residuals, figure 30, of a second 
cycle of erosion, not of a first; hence careful distinction should be made, 
when possible, between caverns thus differently conditioned. The 
Magotes, huge castle-like residual masses of limestone between flat 


FIGURE 23.—Late mature or blind-valley Stage of cavern Development 


floored valleys of degradation in western Cuba, are described by Bennett 
(1928, 67) as riddled with cavernous passages; whether they are the 
work of a first or a second cycle of erosion does not appear. 

The blind valleys that are reduced to flat floors, together with the 
broadened floors of normal valleys, foreshadow the peneplain to which 
an entire limestone district will, at a still later stage, be reduced when 
all its caverns above the water table are destroyed. What with various 
unsystematic complications of structure and process, it is not to be 
expected that the sequence of changes here outlined will be followed 
through with perfect regularity. 

A paragraph may be here interpolated on locally disappearing rivers 
which are frequently associated with blind valleys: they are the surviv- 
ing segments of watercourses that initially had a continuous surface flow, 
but which, with the increasing development of sinkholes, are now increas- 
ingly lowered to underground courses. They not infrequently disappear 
and reappear; witness the examples above noted in Porto Rico. It 
should be here recalled that ground water adjoining ordinary rivers in 
graded and well-opened valleys is as a rule of effluent habit; that is, the 
river surface is a little below the adjoining water table and ground 
water seeps into the river bed and banks in springs. It is therefore to 
be inferred that, when a stretch of such a river, on becoming more or 
less segmented, ceases to run at the surface and leaves its bed to be oc- 
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cupied by shallow pools before it rises again to visible flow, the ground 
water there is not effluent but influent, because the vanished river 
stretch has joined the slow-creeping subsurface water in an underground 
passage which had been previously excavated by ground-water solution. 
Such a passage will, while the surface flow is running there, be further 
enlarged by corrasion acting with solution, especially at underground 
narrows. That appears to be, according to Lee, the case with Pecos River 
in southeastern New Mexico, where its valley “is a succession of broad, 
shallow depressions which can be attributed only in part to surface 
erosion. The chief cause of these basins is believed to be local sub- 
sidence due to the removal by solution of soluble rock near the surface” 
(1925, 121). The underground movement of the river must of course 
be due to a head of pressure coming from upstream; yet the fall of the 
river in this part of its course is only about 10 feet a mile. While un- 
derground, the river is probably given an increase of volume by the ad- 
dition of ground water which, in other parts of the valley, creeps along 
below the river, independent of it. But as, in spite of this increase of 
volume, the river probably has an even greater increase of cross section 
in most of its presumably ramifying underground course, its mean 
velocity there may be less than it was on the surface; hence its corra- 
sion along the underground passage, while possibly active in local nar- 
rows of the passage, may be on the whole less than would be inferred 
from its surface behavior. 

More pertinent examples of underground streams are found in the 
limestone districts of Kentucky. For example, the southern part of the 
topographic map of the Mammoth Cave Quadrangle shows a number of 
“sinking creeks” in a limestone plain at an altitude of about 700 feet; 
the creeks flow through well-opened, shallow valleys and end at altitudes 
of about 600 feet in a district abundantly pitted with sinkholes: this 
being the district described by Jillson as having a nest of sinking 
streams (1927). Barren River, several miles away, flows at about 450 
feet. It is hardly possible that the waters of the sinking creeks do not 
flow below the local water table along part of their irregular under- 
ground courses through this honeycombed district; and insofar as they 
thus flow, they must accomplish some deep-lying solution and corra- 
sion; but their solvent action is not likely to be greatly aided by the 
presence of carbon dioxide, for although actively running surface streams 
are well aerated, they are probably not so well carbonated as vadose 
water is after sinking through a soil cover. 


FIRST EROSION CYCLE IN DENSE, LEVEL-BEDDED LIMESTONES 533 


GRADUAL LOWERING OF THE WATER TABLE 


It has thus far been implied that the depth of the valleys, to which 
the subsurface waters of our assumed dense-limestone upland are dis- 
charged, remains constant after their streams reach grade. But it must 
now be understood that even if the upland stands stationary its valleys 
may, after the attainment of grade by their streams, first suffer a sig- 
nificant measure of aggradation during the approach of the mature 
stage of the erosion cycle, and that after a maximum of such aggrada- 
tion is attained at the climax of maturity a slow degradation of the 
valley floors will set in to be continued indefinitely into old age, as I 
have pointed out elsewhere (1902, 96; 1930, 139-141). Near a river 
mouth at the sea shore such deepening is of such negligible amount; but 
along the upper branches of a long river it may measure hundreds of 
feet. 

It is impossible to say how far this degradation is interfered with by 
the rise of baselevel due to the infilling of the ocean basins by the waste 
of the lands, to which Barrell and lately R. T. Chamberlin (1930) have 
drawn attention; but the maximum rise that would be caused by the 
simultaneous peneplanation of all the continents during a prolonged 
still stand of the entire earth crust can hardly be realized, because of 
the diverse upheavals and depressions of the lands and ocean floors that 
are intermittently taking place. We therefore here continue the con- 
sideration of the normal cycle of erosion and the slow degradation of 
aggraded valley floors in its later stages with respect to an unchanged 
baselevel. 

Valley degradation thus caused must be accompanied by a suitable 
lowering of the then well-established water table, in consequence of 
which the highest of the deeper-lying galleries of ground-water solution 
in an inland region may be drained of their water-filling and thus trans- 
ferred from the zone of ground water to the zone of ground air. It was 
this transference that was referred to in the second section of this 
essay as “another effective cause” of water-table lowering in addition to 
regional elevation; and by such transference an imitation of a two- 
cycle cavern may be made from a one-cycle cavern. But of the two 
causes of transference regional elevation is much the greater, as will be 
duly shown in a later chapter. 

During all the later stages of an erosion cycle, in which the lowering 
of valley floors and of the water table is going on, deep-lying galleries, 
AA, BB, figure 24, will still be enlarging by the action of ground-water 
solution alone. If one of those galleries happens to lie below a side- 
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valley stream, VY, the stream may, when the valley floor is worn down 
toward the gallery level, find some advantage in deserting its surface 
channel (especially if it is 
a meandering channel) at a M— 
sink, H, and flowing along iia 
a more direct course for a 
less or greater distance un- 
derground, AA, and then 
returning to the valley 
floor at a rise, R, Along Ficure 24.—Withdrawal of a surface Stream 
that part of the under- to an underground Course 
ground gallery through 
which a fairly active current is thus developed, corrasion may then be 
added to solution which previously went on alone. Inasmuch as the 
gallery is likely to vary in its cross-sectional area, corrasion will prob- 
ably be applied chiefly at subterranean narrows; the wider parts of the 
gallery may be little modified except by solution. 

This procedure may continue until, in a still later stage of the cycle, 
a near-by trunk river, S, degrades its valley floor to 7, while the ad- 
jacent uplands are worn down from MM to NN; and in the meantime 
the side-valley stream, descending by a deeper sink to a deeper gallery 
BB, through which it joins the trunk river by a large spring, G, has 
ceased the deepening of its valley floor which, perforated by several sink- 
holes, will be left “hanging” over the main valley. The higher gallery, 
AA, will then be drained of its water and will remain, insofar as it is not 
unroofed, as a cavern filled with dry ground air, therefore explorable and 
ready for ornamentation by dripstones. It thus appears that the suc- 
cessive lowerings of a surface stream in the advanced stages of an ero- 
sion cycle, first to one gallery of ground-water solution, then to a second 
one, and perhaps later still to a third, at lower and lower levels, may be 
associated with the transfer of the galleries from the zone of ground water 
to the zone of ground air; or better said, with the invasion of the zone 
of ground water by the subsiding zone of ground air and with the drain- 
age of the ground-water galleries thus invaded. If changes of this kind 
are delayed to a late stage of the erosion cycle, ground-water solutional 
galleries may be by that time so extensively developed as to ramify 
through the under mass at a small depth in many directions; and their 
gradients may be so faint that when they are taken possession of by sur- 
face streams their looped courses will be maintained because neither 
arm of a loop can then be degraded sufficiently to lay the other arm 
dry. At the same time, on account of the abundance of the ramifying 
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galleries the water current through them will be slow, except at narrows, 
and most of them will be little affected by lateral corrasion. 


FLUCTUATIONS OF THE WATER TABLE 


The preceding section discussed gradual changes of the water table, 
as if its attitude were controlled wholly by the orderly progress of 
degradation during the undisturbed advance of an erosion cycle; but 
there are various other causes for its change, some of them producing 
small and local fluctuations, others producing fluctuations of larger 
import. Among the smaller changes are those due to the temporary 
obstruction, more or less complete, of the passage by which the cavern 
water finds its escape to an open-air valley. The account of Luray 
Cavern, Virginia, to be given later, will quote H. C. Hovey’s statement 
about the temporary water-filling of that cavern after its dripstones 
had been formed and the subsequent torrential discharge of the water 
after the dripstones had been corroded. The section on rimstone basins 
will cite Lee’s report as indicating a temporary water-flooding of part 
of Carlsbad Cavern, recorded by the accordant level of a group of in- 
dependent basins. The section on crystal caverns will quote Blatchley 
concerning a former higher stand of a pool at the end of Coons Cave, 
Indiana, as indicated by a belt of calcite crystals on the cave walls. All 
these items seem explainable by the obstruction of cavern drainage. 

Fluctuations of greater extent and duration may have been produced 
at certain points in the area of cavernous limestones of Mississippi 
drainage, where they were crossed or approached by advancing ice- 
sheets of the Glacial period, which here or there obstructed streams so 
that they rose in proglacial lakes. Near-by caverns may have been tem- 
porarily flooded while such lakes lasted, and drained of their water- 
filling when the lake barrier melted away. The water-filling might 
cause a damaging corrosion of dripstones previously formed, and after 
the water-filling was drained away renewed dripstones deposition might 
repair the damage. An axial section of a dripstone column might con- 
ceivably reveal damage and repair of this kind. Malott gives (1922, 
233) an account of a plain in southern Indiana, known as the American 
bottoms, which records the presence of a former proglacial lake; but as 
the caves near it are small because it lies to the west of the chief cave- 
containing limestone belt, they may not preserve any marks of having 
been for a time flooded. 

Fluctuations of the water table must have been produced over a 
vastly larger area when the alternating additions and subtractions of 
the weight of successive ice-sheets caused movements of the earth’s 
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crust. Some such movements are well substantiated in the north- 
eastern United States and in eastern Canada, where they have been 
recorded in ocean and lake shore lines; they are less easily detected in 
the continental interior, although it can hardly be doubted that the 
land area upon which an ice sheet there advanced was bowed down and 
that the land next outside of the glaciated area was bowed up. In the 
down-bowed area, effects similar to those inferred near temporary pro- 
glacial lakes may be expected. In the up-bowed region, previously 
graded cavern floors may have been trenched by their streams; and 
lower-lying caverns, previously water-filled, may have been for a time 
raised above the water table and drained, thus permitting a beginning of 
dripstone deposition in them. After the up-bowed region returned to its 
former stand and the lower caverns were again water-filled, they would 
not be observable; but the floor trenches in the higher caverns might be 
detected. All this is rather transcendental than practical today; but 
hardly more so than a speculation about the advance and retreat of a 
continéntal ice sheet would have been two or three generations ago. 
Hence the solution of the problems here hinted at may be confidently left 
to the geologists of the end of this century or the beginning of the next, 
when refinements of method which we only dream about may be applied 
as a matter of course in routine work. 

If we return to the normal lowering of the water table in a late stage 
of an erosion cycle, the problem thus opened will now be illustrated 
by four examples of what may be regarded as deep-lying solution galler- 
ies, two of them still below the water table although invaded by surface 
streams; two of them above the water table and dry because the water 
table has sunk below their level. They are all in Indiana and all have 
been described by Malott (1922a, 1929). 


TWO UNDERGROUND STREAMS IN INDIANA 


A short underground stream course is found on Indian Creek, in the 
limestone district of southern Indiana, figure 51. The creek has incised 
a meandering valley, the well-opened floor of which is 200 feet below the 
adjoining uplands. The neck of a spur which enters one of the meanders 
is much narrowed; and there the creek instead of still running around 
the spur-end in a curved course 3 miles in length with a fall of 20 feet, 
pitches underground in a sink on the upstream side of the neck, thus 
vanishing for half a mile, and then reappears in several rises on the 
downstream side. Here, therefore, we evidently have an example of a 
stream which, after an effective deepening of its valley, maintained a sur- 
face course at a given grade, as indicated by the breadth of the valley 
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floor, long enough for the water table in the adjoining district to have 
been brought into close association with it. During the same period, 
ground-water solution must have been developing and enlarging various 
galleries in the underlying limestones below the water table, and these 
galleries must have become increasingly connected by more or less 
abundant joint-shafts with the surface creek, which increasingly fol- 
lowed them. Eventually a time came when a certain part of a certain 
underground gallery proved to be a more direct and therefore a better 
course for the surface creek than its roundabout surface course; where- 
upon the whole creek adopted the more direct underground course. 
Even if the underground gallery lies 100 feet below the valley floor, 
that would involve a deviation in the form of an inverted siphon of 
only one foot in 25 from a straight-line course, and would at the same 
time give a sixfold increase of head of pressure by reducing the length 
of the creek segment from 3 miles to half a mile. A similar under- 
ground cutoff on Clifty Creek is briefly described by Malott (1922b, 
236). 

Six lessons are to be learned from this occurrence. First, as the 
existence of an underground gallery of ground-water solution beneath 
Indian creek is thus demonstrated, the existence of similar galleries 
more or less directly beneath other neighboring creeks but not yet fol- 
lowed by them may be fairly inferred; the delay in the adoption of 
underground galleries by the other creeks being perhaps because the 
galleries there as yet offered the creeks no sufficient advantage. Second, 
the well-advanced stage of ground-water solution here evinced has been 
reached in the maturity of the erosion cycle. Third, the waters of 
Indian Creek, joined to the slow current of the underlying ground 
water, must now be engaged in enlarging the gallery as far as they follow 
it; and are probably in certain parts of their course adding corrasion 
to solution in the performance of their task, the relative value of these 
two processes depending on the size of the gallery and the total volume of 
water moving through it. Fourth, the undercurrent can not be acting as 
a stream with a free upper surface, because it must completely fill the 
ground-water gallery; it may therefore persist in following looped and 
split passages instead of-selecting a single passage to be corraded after 
the habit of surface streams; the several rises by which the subsurface 
water returns to a surface flow support this idea. Fifth, many diversions 
of surface streams to longer subsurface galleries of ground-water solution 
than this one may be expected in later stages of the cycle of erosion here 
current. Sixth, at a much later stage of erosion, when the up- and down- 
stream courses of Indian Creek are degraded to the level of the floor of 
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its present underground gallery beneath the meander spur, a natural 
bridge may be developed there in the manner so clearly explained by 
Malott and Schrock (1930) for the famous Natural Bridge of Virginia. 

The second case to be brought forward is that of Lost River, early 
described by Elrod (1875, 1898) and later by Malott (1929). Its head- 
waters gather the surface drainage of a limestone upland some 60 
square miles in area before they disappear in a swallowhole, U, figure 25, 
at an altitude of 620 feet. A complicated underground gallery—prob- 
ably one of many, for the surface of the district is pitted by a great 
number of sinkholes—is next followed for 8 miles, UR, along which the 
river receives the water of several sunken tributaries, so that when it 
rises to the surface again, R, near Orangeville, O, at an altitude of 490 
feet, it is significantly larger than when it disappeared. The river has 
not always followed this underground gallery, for between its sink- 
ing and its rise a former 
surface course, D, D, D, is 
traceable in a dry and ex- 
tremely sinuous channel 21 
miles in length, which is 
according to Elrod (1875) 
“studded with majestic for- 
est trees”; it “presents a 
wild and picturesque ap- 
pearance when filled with 
the rushing waters [which 


can not find space in the FicurE 25.—Map of Lost Rirer, Indiana 
underground passage] after After Malott. O = Orangeville. 

heavy rains.” Along its up- 

per half-length the dry channel bed is only 25 or 30 feet below the 
surrounding limestone plain, from which the next overlying formation 
of weak sandstones has there been stripped; but along its lower half- 
length the depth reaches 75 feet, chiefly because overlaps of sandstone 
on the limestone there survive. 

The most impressive feature of this district is a steep-walled depres- 
sion or “gulf,” G, 1,000 feet long northwest-southeast, 400 feet wide, and 
from 35 to 100 feet deep, which has been formed near the underground 
river gallery by the collapse of the roofs of other galleries. After heavy 
rains, the underpassages can not discharge all the runoff from upcountry 
and the excess temporarily follows the sinuous surface channel as above 
noted. At such times muddy water wells up from a pit in the floor of 
the gulf and floods the gulf floor in a shallow pond. The floor has been 
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evenly silted over with deposits formed at such times. As the flood sub- 
sides, the waters are drained from the pond through several sinks along 
its southwestern margin. A descent of 40 feet through a small opening 
beneath that margin of the gulf leads down to the river, which may 
then be followed at times of low water, partly on ledges and fallen 
blocks, partly by wading along the shallower parts of its leisurely cur- 
rent, 400 feet upstream and 600 feet downstream. For this distance 
the river lies 100 feet or more southwest of the gulf wall; hence the 
galleries, the roofs of which collapsed in producing the gulf, were quite 
independent of the gallery now followed by the river; this clearly sug- 
gests that many underground galleries exist hereabouts. Indeed, ac- 
cording to Elrod (1875) “a few rods to the northwest [of the gulf] 

is a dry cave of considerable size, that has quite a local reputa- 
tion for its numerous large and beautiful stalactites and stalagmites.” 
Further progress along the underground river is made difficult in both 
directions when the water disappears among fallen blocks of roof rock 
which almost completely fill the passage. Such blocks encumber the 
stream at various other points of the accessible 1,000 feet; they are in 
process of being corraded and dissolved away by the river, the greater 
measure of this work probably being done during floods, as is the case 
with surface rivers. The underpassage has no dripstones. 

Malott regards this underground gallery as “a sample of a big cavern 
in the making . . . more than eight miles in length and 60 to 150 feet 
beneath the upland surface.” I would add that much of the making 
was probably accomplished by ground-water solution before Lost River 
deserted its surface course; and that the changes brought about since it 
took to an underground course are only of subordinate value. Stampers 
Creek, figure 25, has had a similar history; at times of highwater its 
overflow runs northwest along its former valley, NN, now dry, to the 
swallowhole of Lost River; but its ordinary flow runs southwest under- 
ground, 5 miles, LY, to Lick Creek. 

The reasons for regarding the changes in the underground course of 
Lost River as of subordinate value may be best understood by consider- 
ing the evolution of the river in the light of suggestions made in the 
earlier sections of this essay. In the recent past when the whole region 
was less degraded, when the course of Lost River was deeply and widely 
eroded and when the water table was therefore higher than now, as in 
figure 26A, the underground gallery, excavated by ground-water solu- 
tion and then water-filled, must have been smaller than now. Some 
river water even then probably leaked down to it along slender joint 
shafts. Since then the river course has been more degraded, some of 
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the connecting joints have been opened into good-sized sinks, and the 
underground gallery has presumably been enlarged, still chiefly by solu- 
tion, as in fiure 26C; and during all this time the river has been in- 
creasingly diverted from a surface to an underground course. The 
diversion was becoming profitable not alone by reason of the increasing 
size of the underground gal- 


lery, but also by reason of 
its concentrating the fall of 

130 feet in a relatively di- 


underground of Figure 26.—Transfer of a surface Stream to 
8 miles as compared with the an underground Course 


sinuous surface course of 21 

miles. Here, as in the case of Indian Creek, the indirection of the under- 
ground course on account of its descent below the surface is trifling as com- 
pared to the indirection of the surface course on account of its sinuousity. 
Even if the depth of the undercourse were as much as 200 feet, its 
departure from a straight-line course would be only one part in 200, 
which is negligible as compared to a more than twofold gain of head. 

For a time while the underground gallery was increasingly followed 
by the river, only part of the surface flow could be there accommodated ; 
now it is all accommodated except during floods. In the near geological 
future the gallery will presumably be sufficiently enlarged, partly or 
largely by corrasion of narrows, for floods to pass through it. But all 
this enlargement is probably only a small fraction of the size that the 
underground galleries hereabouts had gained by solution alone, 
before Lost River condescended to follow them ; for in view of the breadth 
of the “gulf” the galleries must have been as a whole much larger than 
the river needed for its passage; it was most likely only at exceptional 
narrows that the flow was and still is impeded; and hence it will be 
chiefly at those narrows that most of the corrasional enlargement will 
be performed in the future. As in the preceding example, the under- 
ground galleries may have originally had and may still preserve many 
loops and splits along which the present current is content to subdivide 
its flow. 

That this inference is true is strikingly confirmed by Malott’s ex- 
plorations in the summer of 1929, when Lost River was followed under 
A, figure 25, 1,200 feet farther downstream than before. It was found, 
as Malott writes, that the subterranean course of the river is not a sin- 
gle gallery, but a gallery network of surprising character, braided ver- 
tically as well as horizontally. A section of it about 600 feet west of the 


. 
‘ 


FIRST EROSION CYCLE IN DENSE, LEVEL-BEDDED LIMESTONES 541 


“gulf” is reproduced in figure 27 from this observer’s unpublished map, 
generously submitted to me. Here several looped galleries with dry 
floors stand between the disappearing stream, AA, which is supposed to 
follow a northwest course, S, and a body of standing or “dead” water, D, 
which occupies a farther gallery where the roof slants down to within 2 
feet of the water surface 
and stops exploration. The 
main dry gallery, FE, EF, is 
about 6 feet higher than the 
stream, A, and has a sud- 
den fall of 15 feet near the 
dead water. In the course 
of this gallery two rock col- 
umns stand at C; and near 
its middle are two holes, H, 
which lead down to a lower 
level, not explored. Nearly 


FiGuRE 27.—Looped Galleries on the under- 3 
ground Course of Lost River 200 feet of its farther part 


After Malott. is cluttered with fallen 


rocks, RR, At a_ blind 
branch, NV, the noise of a cascade is distinctly heard from below; at the 
end of a longer branch are two muddy pits, P, 12 feet deep; they are 
supposed to connect with the dead water of the main gallery by a 
passage, Y. 

A slender, tubular passage, 7, T, 3 to 5 feet in diameter, stands 10 
or 20 feet to one side and about 10 feet above the water surface in the 
stream, A. A. This may be interpreted as meaning that the gallery net- 
work, all water-filled during the earlier stages of slow excavation, is now 
in active process of selective deepening by free-surface streams, such as 
takes place in galleries of vadose corrasion, but with a highly significant 
difference; namely, that the competitive deepening of vadose-water gal- 
leries goes on actively while they are still very small, but the competitive 
deepening of ground-water galleries is postponed until, however large 
they may have grown, the water table is lowered so as to convert their 
standing water into running streams. 

The lowering of the water table in the subterranean course of Lost 
River, to which Malott calls special attention, appears to be a conse- 
quence of two contributing factors: first, a gradual subaerial degrada- 
tion of valley floors farther downstream, probably beyond the Indiana 
limestone belt, such as is expectable in the late stages of an erosion cycle; 
second, a gradual enlargement of subterranean galleries until they are 
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capacious enough to take care of the ordinary volume of surface-stream 
flow. This is illustrated in figure 28, in which the stream profile, AC, 
is slowly reduced to RC, and in the same period the cavern galleries 
are so much enlarged that, although receiving all the surface flow, they 
are no longer completely water-filled, but have for part of their length, 
FE, a free water surface; there the ground water has greater depth and 
a fainter gradient than the surface water; it emerges at some point, D, 
farther downstream and lower than £. 

It has been intimated above that the network of underground gal- 
leries has not been greatly enlarged, except perhaps at its narrows, since 
the waters of Lost River ran through it. An additional reason for that 
belief may now be set forth. Before the underground course was taken 


Ficure 28.—Effect of Valley Degradation on ground Water in Caverns 


the river had done a large piece of transportational work in wearing 
down its bed and in carrying away the detritus supplied by the degrada- 
tion of its upper drainage area. While this surface work was in prog- 
ress a much smaller solutional work was accomplished underground in 
the development of network galleries. All the time since some of those 
galleries were followed by Lost River, while the deserted course has 
remained undeepened, the river should have been continuing the cor- 
rasional deepening of its bed upstream from the swallowhole where it 
enters them; and it ought to have been aided in this task near the 
swallowhole by the accelerated velocity of its current there. Little 
change of this kind has as yet been brought about; the upstream course 
is little below the deserted course ; hence a correspondingly small amount 
of corrasional work must have been done underground; and that small 
work must have been chiefly concentrated in occasional narrows and in 
overgrade channels. This example of river-water aid to ground-water 
excavation seems to be exceptionally simple and orderly; but it is 
probably exceptional only in being carefully observed and well recorded. 

A similarly deserted surface valley has been described in the folded 
limestones of Center County, Pennsylvania, by d’Invilliers (1884, 422) 
as of curved path, with incoming branches and gravel-strewn bed. The 
waters that formerly eroded it now descend by many sinkholes to under- 
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ground courses. Several other dry valleys of this kind are known there- 
abouts. The area in which they occur is a peneplain, submaturely dis- 
sected to low relief. 


TWO DRAINED GROUND-WATER GALLERIES IN INDIANA 


Marengo Cave, another of the underground galleries: described by 
Malott (1929), differs from the two preceding examples of such galler- 
ies primarily because the stream that for a time ran through it while it 
was below the local water table, has now been lowered, apparently in 
consequence of valley degradation, to a deeper-lying gallery, thus leaving 
the Marengo gallery occupied only by ground air; and secondarily in 
being well furnished with dripstones where percolating water enters it. 
The most characteristic part of the cave, which has a total length of 
3,800 feet, with two loops as in figure 29, reduced from a detailed map 
by Addington (1927b, 22), is an even-floored gallery about half a mile 


FIGURE 29.—Marengo Cave, Indiana 
After Addington. 


long, from 30 to 75 feet wide and with an arched roof of firm limestone 
from 5 to 30 feet high. The roof being firm, the floor is little en- 
cumbered with fallen blocks, but it is blanketed with silt of unmeasured 
depth; and the silt bears unmistakable marks of having been formerly 
followed by a small stream, similar to but of less volume than the 
underground segment of Lost River. The dripstones, which appear to 
have been formed since the gallery became dry, “astonish and delight the 
thousands of visitors who annually tread the smooth-floored channel of 
the underground stream.” The cause of stream withdrawal is taken to 
be deepening of a near-by valley, in consequence of which a lower gal- 
lery, about 20 feet below the dry cave level but presumably otherwise 
like it in having been previously excavated by ground-water solution 
almost to its present size, became a preferred course. Farrington infers 
that the withdrawal of the former stream was accomplished “somewhat 
suddenly” (1901, 256). 
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It is significant of the small amount of corrasional deepening of the 
upper-gallery or cave floor that was accomplished while the stream ran 
through it, that the arms of the several gallery loops are about at the 
same level. From this fact a solutional origin of the cave may be safely 
argued ; for if the two arms had been excavated only by vadose corrasion 
the arm of the weaker stream would have been deserted while it was 
much smaller and much higher-floored than it is now. The fact that the 
cave floor was not cut down so fast as the neighboring valley floor was 
degraded is also suggestive of the small change in the cave while it was 
a stream course. The silt that now blankets the floor was probably left 
there when the stream was decreasing in size as it began to withdraw to 
the lower gallery. 

Malott has described this cave as “a water-made runway in an ex- 
cellent state of preservation”; and that is a very acceptable explanation 
for it, provided one understands that the greater part of the runway was 
the work of solution by slow-moving ground water before the water table 
was lowered to its present position in consequence of valley deepening 
nearby, and therefore before a running stream took possession of the 
cave. Not much lowering of the floor can have taken place since then 
because, as above noted, the arms of the several loops, small and large, 
are at about the same level. If active floor corrasion had been going on, 
one arm of each loop should have been worn down decidedly lower than 
the other. But some lateral corrasion has been accomplished because the 
base of the cave walls are undercut in curves that have been scoured 
out where the stream swung against them. According to the detailed 
survey by Addington in 1926 (1927b), the channel left in the silt of the 
gallery floor does not split to pass along both arms of the gallery loops, 
but maintains only a single channel along one arm. 

As 200 or 300 feet of limestone strata underlie the lower gallery floor 
now followed by the underground stream below Marengo Cave, it is 
eminently possible that additional, still deeper-lying galleries are there in 
slow preparation for future use; and when that future is reached 
Marengo Cave will be a three-storied wonder. If this seems improbable, 
consider the next example. 

The second case of a drained ground-water gallery is that of Wyan- 
dotte Cave, about 5 miles north of the Ohio River in the Indiana lime- 
stone belt; it is said to rank next after Mammoth Cave in size; 
further allusion will be made to it on a later page in regard to its looped 
galleries, figure 42. Malott describes it as “a labyrinth of galleries, 
rooms and interconnecting passageways” on three levels at intervals of 
about 70 feet. Its upper levels, at altitudes of 545 and 475 feet, are 
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dry; the lowest level, not open to entrance by the public, “now carries 
the waters which have long ceased to run through . . . the [higher] 
galleries” ; and those waters are discharged through a large spring into 
a near-by river at an altitude of 400 feet. The upper galleries are, in 
certain parts of their tangled length, much cluttered with fallen blocks ; 
apparently because the roof is made of weak and slabby strata. In one 
part “no less than seventeen hills of fallen rock 30 to 60 feet high 
occur in . . . a little over half a mile.” At another point “a 
mountainous mass of fallen rock . . . capped with flowstone . 
rises . . . 135 feet above the base and within 35 or 40 feet of the 
smooth stratum which forms the ceiling.” Other galleries, less cluttered 
with fallen blocks, contain abundant dripstones; they are, as Malott 
records, “relatively simple underground conduits, the floors of which 
are nearly level and covered with a yellow clay silt. They are simple 
water-made runways which have been sculptured from the limestone 
strata by underground streams which have abandoned them, and as such 
they are little different from hundreds of other cavern runways de- 
veloped in limestone strata as subterranean drainage lines” (1929, 204, 
205). 

As before, I venture to suggest that this three-storied cavern was first 
developed, almost to its present size, by ground-water solution when the 
water table stood somewhat higher than its level; and that only as the 
water table has been slowly lowered in association with regional degrada- 
tion have the galleries been successively drained of their water-filling 
and taken possession of by a free-surface stream, let down to them 
from the surface through sinkholes. Only as the water table has been 
progressively lowered, as Malott shows so clearly, have the upper gal- 
leries been laid dry and more or less replenished with dripstone deposits. 
Here, as in Marengo Cave, the failure of the cavern stream to cut the 
floors down fast enough to keep pace with the deepening of the near-by 
valley to which the low-level stream now flows, shows that no great 
amount of floor corrasion was accomplished. It will be later shown that 
the preservation of looped galleries leads to the same conclusion. Hence 
all these large, cavernous galleries, like the supposedly smaller one locally 
followed by Indian Creek above described, appear to be chiefly the work 
of ground-water solution while the water table stood a little above their 
level. Yet numerous and extensive as the galleries seem to be below the 
limestone upland of southern Indiana, they represent a relatively small 
volume of removed rock compared to that removed from the surface in 
the same erosion cycle. Thus we once more find independent confirma- 
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tion of the view already expressed that ground-water solution progresses 
more slowly than surface degradation. 

If it be true that dripstones are formed in these caverns only after 
their streams are withdrawn to lower galleries, as Malott has inferred, 
then it must be concluded that evaporation is a more important cause 
of dripstone deposition than the escape of carbon dioxide; for the escape 
of carbon dioxide would take place in the ground air of a cavern gal- 
lery even if the air were moistened by the presence of a stream on the 
gallery floor. Here, therefore, is another item of inference which con- 
tributes to lessening the importance of carbon dioxide in the depositional 
replenishment of caverns below the value commonly allotted to it, just as 
other items of inference have lessened its importance in the solutional 
excavation of caverns by vadose water. Quantitative analysis of vadose 
and ground water in caverns will have to be made before the question 
thus raised can be settled. 

Although these four Indiana examples are here introduced as if they 
were one-cycle products, they are really not so. Their region has been 
reduced to a peneplain at least once, so that it is now in an advariced 
stage of an (n + 1)th cycle of erosion. While they serve admirably to 
illustrate what might happen to a one-cycle cavern of ground-water so- 
lution in a late stage of a single cycle, it is thought that their solutional 
excavation may have begun before the present, well advanced erosion 
cycle was initiated. After this long digression we may now return to 
the consideration of successive stages of a cycle of erosion in an upland 
of dense, level-bedded limestones; for the penultimate stage remains to 
be examined. 

THE STAGE OF PENEPLANATION 

As the floors of normal and blind valleys are slowly broadened and the 

residual ridges between them are worn down to swells of fainter and 


Figure 30.—Peneplanation of a cavernous District ' 


fainter relief, the stage of peneplanation, figure 30, is entered upon; 
and when this stage is reached, practically all the cavernous passages 
above described as excavated by vadose water and the shallower ones of 
ground-water solution will have been unroofed and opened to the air; 
but they will no longer look like caverns, for their walls will have been 
worn down to grade with the adjacent land surface. But other caverns 
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of ground-water solution at deeper levels may still remain unseen and 
water-filled, below the peneplain surface. It would appear that the 
obliteration of the higher-lying caverns is accomplished much more by 
subaerial than by underground erosion; for just as the valleys of a sub- 
mature stage are much larger than the cavern galleries of that stage in 
the adjoining uplands, and just as the sinkholes of a mature stage are 
larger than the cavern shafts beneath them, so the obliteration of the 
residual swells of a karst landscape must be accomplished more by over- 
ground than by underground erosion. 

A sequence of developmental changes, somewhat similar to that here 
outlined, although not detailing the branchwork arrangement of graded, 
low-level galleries that must result from corrasion, is presented by 
Lobeck in his account of the Mammoth Cave (1929, 29-35) but with 
the tacit postulate—made explicit in his eloquent block diagrams—that 
no solution takes place below the water table. As the Mammoth Cave 
district is clearly not in a first cycle of erosion, its consideration is, 
strictly speaking, out of place here; but reference to it is made because 
Lobeck’s tacit postulate seems to us an unwarranted limitation of under- 
ground processes; and we therefore desire to emphasize the opposite 
view that much solution may take place below the water table during 
the long time period in which the overlying land mass is wearing down 
to a peneplain a little above the water table; and also to state that such 
solution, although slow in its progress, is steadily going on in its own way 
during all the above-described sequence of underground changes brought 
about by vadose water. It is consequently interesting to note that the 
penultimate stage of this sequence of changes appears to be characterized 
by increasingly favorable conditions for the enlargement of deep-lving 
galleries by ground-water solution, because of the increased supply of 
well-carbonated water that may then sink below the water table, as 
further told in the next chapter. 


FOUR-EPOCH HISTORY OF ONE-CYCLE CAVERNS 


It was briefly stated at the beginning of this essay that large caverns 
hate in general a two-epoch history, the first epoch being characterized 
by solutional excavation, the second by depositional replenishment; but 
it will shortly appear that the large caverns of two-epoch history there 
referred to are not the product of subsurface excavation in uplands of 
dense, level-bedded limestone during a first cycle of erosion; for large, 
first-evcle caverns in dense limestones are unknown. It may, however, 
be noted that if such caverns should anywhere be found their whole 
history might be divided not only into two epochs but into four. First, 
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the gradual solutional opening of a three-dimensional network of many 
embryo shafts and galleries in the early youth of the cycle, figures 4 
and 5; second, as the maturity of the cycle is approached, the cavernous 
enlargement of the lower galleries by the corrasion of concentrated 
vadose streams and the resulting transformation of those galleries from 
a network into a branchwork, graded with respect to the local baselevel 
as determined by a neighboring valley-floor stream; third, the with- 
drawal of the streams from the graded cavernous galleries when the 
water table sinks to somewhat lower galleries of ground-water solution 
above baselevel in consequence of further degradation of valley floors in 
late maturity, with the result of allowing the upper galleries to become 
the seat of dripstone replenishment, figure 22; fourth, the destruction of 
the replenished galleries by the degradational removal of their roofs and 
walls in old age, figure 30. During all this time, deeper-lying caverns 
are in progress of slow excavation by ground-water solution below base- 
level. To their consideration we must now turn. 


SOLUTIONAL EXCAVATION OF CAVERNS BELOW THE WATER TABLE 
DEEP PENETRATION OF GROUND WATER 


The preceding discussion of a first evcle of erosion in an upland of 
dense, level-bedded limestones has been concerned almost wholly with 
the solutional and corrasional action of vadose streams, which as a 
eycle advances becomes water-table streams. We have now to con- 
sider the action of deep-lying ground water, which causes the first- 
cycle, solutional excavation of two-cycle caverns. The behavior of vadose 
water had to be presented largely in a deductive manner because so few 
facts are available for a more inductive form of presentation. The be- 
havior of ground water must be presented still more deductively be- 
cause, lying below the water table, it almost completely eludes observa- 
tion. We are encouraged, however to infer for it a considerable measure 
of solvent power because of the facts concerning certain Indiana caverns 
above stated; and that encouragement will be borne in mind while the 
behavior of ground water is compared with that of vadose water. 

It has often been assumed that vadose water, on becoming ground 
water, does not sink to significant depths below the water table. Thus 
Greene, writing of Indiana caves (1909), concluded that after the 
vadose water reaches the water table, which is determined by the level 
of the neighboring valley-bottom streams, it moves laterally. It may 
do so after a gallery at the proper level has been corraded, as above 
explained; but before such a gallery is developed there is no sufficient 
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reason for its lateral motion at the water-table level. King has shown 
(1899, 99) that the movement of subsurface water is downward well 
beneath the water table in areas of greater hydrostatic pressure, and 
upward in areas of less pressure; the two movements being connected 
below by a curved lateral movement, and the deepest path—homogeneous 
rock being assumed—being that to which descent is made from the 
highest uplands. The occurrence of ascending movements of deep 
ground water beneath ordinary valleys is indicated in Meinzer’s cross- 
sections of an effluent stream, the surface of which is a little below the 
water table (1923, b, 56) ; and similar movements are more fully illus- 
trated in an excellent block diagram in Pirsson and Schuchert’s “Text- 
book of Geology” (1929, Part 1, 153). Bain has inferred a descent of 
subsurface water to depths of 2,500 feet below the uplands of the Ozark 


Ficcre 31.—Ideal Paths of ground-water Movement 
Modified from Ning. 


plateau in southern Missouri, because a deep well in a valley 750 feet 
celow the upland level receives its water from a depth of 1,750 feet 
(1901, 104). This profound circulation is illustrated in idealized form 
in figure 31, in which the curved movements inferred by King are changed 
to many angular movements in order to adjust them to the joints and 
bedding planes of the stratified formations, many being limestones, of 
which the Ozark plateau is made up. It is edifying to add that, if need 
be, the water under the uplands might have, in virtue of their height 
above the valley bottom, a head of 20 atmospheres with which to impel 
the deep-lying ground water to move, provided the crevices have been 
opened enough to transmit hydrostatic pressure. If the height of the 
water table under the uplands were known, the head of pressure actually 
requisite for maintaining the vertical circulation might be inferred. In 
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the accompanying figure, the height assigned to the water table in the 
uplands indicates a head of about 6 atmospheres. 

A pertinent statement by Meinzer, already quoted in part, concerning 
deep sources of water in limestones, may here be more fully quoted. He 
concludes that if a limestone formation “has always lain at considerable 
depths, under conditions of sluggish water circulation, it is likely to be 
a poor source of water. If it has been in a topographical or structural 
position that induced active circulation of water it is usually cavernous” 
(1932a, 132), and may therefore be a good source of water. It is note- 
worthy that the cavernous condition here indicated is by implication 
produced well below the water table. 


RELATION OF GROUND-WATER SOLUTION TO STAGES OF THE 
. EROSION CYCLE 

The solutional action of ground water beneath a dense limestone up- 
land appears to be differently conditioned during successive stages of a 
cycle of combined subaerial and subterranean erosion. In an early stage of 
the cycle vadose water becomes carbonated as it sinks through the surface 
soil and applies its solvent power to the solution of limestones on the 
narrow joints and partings through which it slowly descends. Any of 
it that then sinks to ground-water level can perform little solution; but 
whatever solution it does perform will be in the way of initiating a net- 
work of slender, interconnecting shafts and galleries. 

At a more mature stage, when sinkholes, shafts and galleries above 
the water table are so well opened that descending vadose water runs 
rapidly through them, it is imperfectly carbonated, and once under- 
ground it runs so nimbly that much of it may succeed in reaching the 
open air again in valley-side springs at gallery ends without allowing 
more than a small share of its volume to sink to deep-lying, ground- 
water levels. The little that does sink there, not being well carbonated, 
is a poor dissolver; but if it has a long-lasting underground course it 
may become saturated with calcite on the way to its ascending emer- 
gence in valley floor springs; and it will therefore continue the develop- 
ment of interconnecting shafts and galleries, enlarging those already 
opened and opening new ones. 

As the late stage of peneplanation of a limestone district is entered 
upon, a decidedly larger share of rain water than before sinks slowly 
into the gently sloping ground instead of running rapidly down 
steep-sided sinkholes or along active surface streams; and_ thus, 
although the direct run-off of the peneplain may make but small con- 
tribution to the subsurface water, a good share of the rainfall soaks 
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into the interstream areas and there becomes well carbonated on its way 
to the ground water. Indeed, we here find the surface of low relief 
which some authors have regarded as essential for cavern-making, 
although they took the cavern-making agent to be vadose or water- 
table streams instead of deep-lying ground water. 

Moreover, inasmuch as the water table lies but little below the worn- 
down surface of a peneplain the solvent power of the insoaking car- 
bonated water may not be satisfied during its short descent to the 
water table, and may therefore still be in good part available at greater 
depths. Furthermore, if the region remains long undisturbed, the stage 
of peneplanation will endure much longer than the short stage of sur- 
face youth, when the main valleys were actively excavated by the larger 
surface streams; longer also than the stage of surface maturity when the 
enlargement of underground galleries by corrading subsurface streams 
was chiefly accomplished. Hence the solutional enlargement of a deep- 
lying network of interconnecting shafts and galleries by ground water, 
even to the point of widening the galleries irregularly into great cham- 
bers in the most soluble layers, may during this long-lasting stage of the 
erosion cycle come to be of large importance. It is possible that some 
corrasional enlargement also may then take place when vadose streams 
descend below the earlier level of the water table. Moreover, besides 
the three unlike conditions stated above, under which ground water acts 
as a dissolving agent below the water table during the earlier, medial 
and later stages of a cycle of erosion, there are two other factors which 
must be considered. These are, first, concentration of flow through gal- 
leries, and, second, solutional convection, which will be shortly taken up. 

The conditions of subsurface water movement during the maturity of 
an erosion cycle, as above outlined, appear to be verified by the facts 
reported regarding certain large springs in the Mitchell limestone dis- 
trict of midsouthern Indiana, figure 51. According to Cumings 
(1906), the springs in French Lick valley—see FL, figure 25, derive 
their water from the limestone uplands which, “dotted over with sink- 
holes,” ascend for 10 or 20 miles eastward. Much of the supply “comes 
from a depth of 400 to 500 feet. Owing to the depth to which it de- 
scends, and distance which it travels, the water has been brought into 
intimate contact through a considerable interval of time with these 
eminently soluble limestones and its highly mineralized condition is an 
evidence of the vast amount of material removed from them, most of 
which, however, has undoubtedly been derived from a comparatively 
superficial zone.” The reason for this superficial limitation of solution 
seems to be that the vadose water sinking from the uplands is assumed 
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to have become saturated near the surface, so that on descending to 
lower levels it could not continue taking up more calcite. But in 
view of the abundant upland sinkholes it appears possible that the sur- 
face water may have been led to the sinkhole shafts so quickly and may 
have there run down through the upper limestones so rapidly that it had 
little opportunity of acquiring a full charge until it had sunk to deep 
levels where it moved more leisurely ; and under these mature conditions 
a good part of the calcite in the outflowing springs may have come, not 
from near the upland surface, but from the deep-lying beds, 400 or 500 
feet below. 

Other examples of similar springs in the same district are described 
by Elrod, who wrote (1899) as follows: “The tendency of the subter- 
ranean channels to unite . . . gives rise to a great number of 
artesian ® springs that burst forth in great volume near the western 
limits of the Mitchell limestone upland. The mouth of these springs 
seems to open into a vast tunnel in the rock. . . . The deep blue 
of the water has given rise to the report that they are without bottom.” 
One of them, near French Lick, FZ, figure 25, is thought to be the 
largest spring in Indiana; its tunnel or shaft is over 100 feet across, 
and probably 80 feet deep. According to Malott it is the outlet of “a 
subterranean system, which has been developed considerably below the 
water table. . . . The area that feeds it is a streamless karst.” 
The deep-lying passages which feed all these springs must have been 
gradually excavated by ground-water solution; and as such action prob- 
ably began in late Cretaceous or early Tertiary time, as will be shown 
in a later section, it seems hazardous to set narrow limits to the size of 
the cavernous passages that the slow-moving ground water may be now 
traversing. 

CONCENTRATION OF MOVEMENT THROUGH GALLERIES 


There is a significant difference between the movement of subsurface 
water through sandstone and through limestone. Sandstone, being 
porous, restricts the passage of water to its minute interstices; and the 
passage of water through such interstices is so much impeded that it is 
thought five years may be needed for it to advance a mile. Furthermore, 
sandstone being essentially insoluble, the passage of subsurface water 
through it is not any easier at the end of a cycle of erosion than at the 
beginning. Dense limestone, being nonporous, restricts the passage of 


*It seems desirable to limit the term, artesian, to water that rises, either through 
natural or artificial vents, from an aquifer that is enclosed between aquifuges; karst 
springs would be a better name for those of limestone districts such as are above 
described. 
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subsurface water to its joints and partings; and being soluble, the pas- 
sages are readily enlarged by solution, especially along the more soluble 
layers, so that water movement through dense limestone is greatly 
facilitated as an erosion cycle advances. Indeed, as subterranean pas- 
sages are enlarged, water movement through them becomes so easy that 
surface streams frequently desert their subaerial courses and take to 
underground courses. Thus surface streams may be segmented and 
hanging lateral valleys, figure 24, may be developed, as has already 
been pointed out. 

Several writers have called attention to the importance of the con- 
centration of subsurface water in limestone along selected passages as 
bearing on the production of caverns. Thus Cumings wrote (1906) 
that a dense limestone is peculiarly well adapted to the development of 
caverns because it “has both an elaborate system of joints and numerous 
relatively impervious layers to serve as cave floors”; also that the origin 
of caves depends largely on the “concentration of solution along joints and 
bedding planes”; but the context suggests that he had in mind chiefly 
the joints and bedding planes that lie above the water table. The con- 
centration must involve a process of inorganic natural selection, whereby 
some embryo passages are much enlarged while others are little changed ; 
and in consequence of such selection, it is only the favored embryo that 
grows to a great cavern. 

Differences in the solubility of limestone layers are probably of large 
importance in guiding selection and thus determining the development 
of cavern galleries, even though the differences may be of moderate 
measure, not recognizable by the eye or detectable by the hammer, yet 
discovered with certainty by the long and intimate examination made by 
the ground water. In evidence of this the following passage from Bain’s 
study of the lead and zine deposits of Illinois is pertinent. Vertical 
“crevices which are tight or are marked by cracks the thickness of a 
knife edge, open out [laterally] into caves from 2 to 12 feet wide at 

. definite horizons” (1904, 205); and this is all the more signifi- 
cant because the limestone cavities in which these deposits are contained 
are generally regarded as having been excavated by ground-water solu- 
tion. 

It is of special importance to note in the present connection that, 
insofar as deep-lying galleries are opened by ground-water solution, the 
largest of them will tend, as interconnecting passages are developed, to 
draw to themselves some of the water supply that would, if all passages 
were equally opened, be evenly distributed. Furthermore, in virtue of the 
increased movement of water through an incipient deep-lying gallery, it 
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should be more actively enlarged by solution; the enlarging process is 
therefore somewhat cumulative in its operation; and it is moreover in- 
creasingly efficient as water volume increases downstream from the 
divides. Thus solution of deep-lying galleries may continue to increase 
their enlargement until their growing size causes a disadvantageous de- 
crease of velocity; but by that time the successful opening of many 
galleries has been assured, and they will be perpetuated thereafter even 
if at a decreasing rate of enlargement. But in contrast to galleries above 
the water table, ground water is not withdrawn from the smaller passages 
below the water table, and their network pattern therefore persists. 

Moreover in a deep-lying gallery a slow circulation of ground water 
will be set up in consequence of its taking limestone into solution from 
the walls and roof. For the water in contact with the rock becomes a 
little denser than the rest; it therefore sinks and its place is taken by 
water containing less limestone. The convectional force thus provided 
is very weak, but in view of the extreme mobility of water and of the 
tomblike quietude of deep-lying galleries, the weak force may suffice to 
provoke a slow circulation. Thus even if the translatory movement of 
the ground water through the gallery is exceedingly slow, the solutional 
attack on the roof and walls will be continued until all the water volume 
is well charged with limestone. Even during the mature stage of the 
evcle, when ground water is chiefly supplied by imperfectly carbonated 
vadose water, some solution will still go on; for limestone is, it must be 
remembered, slightly soluble even in pure water. 


RESIDUAL CLAYS ON CAVERN FLOORS 


The removal of calcite by solution in low-lying ground water should 
leave the insoluble, clayey residue of the limestone on the floor of the 
resulting cavity, where it would greatly retard if not wholly prevent 
further downward excavation; and in this respect caverns of ground- 
water solution must differ from caverns of vadose corrasion, in which 
downward excavation should be active until the corrading streams are 
graded. It therefore seems possible that clay beds on certain cavern 
floors, which are commonly attributed to deposition by inflowing streams, 
may be, in their lower part at least, of local origin while the cavern was 
water-filled. A minute study of cave clays might be profitable. 


CONTRASTS OF VADOSE-WATER AND GROUND-WATER ACTION 


The action of deep-lying and slow-moving ground water may now 
be seen to differ from that of faster-moving vadose water in higher-lying 
shafts and galleries in several ways, which need to be carefully tested by 
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critical observation. First, percolating vadose water should, it is believed, 
almost cease acting as a dissolving agent when the passage that it follows 
has reached such a size that it is usually occupied in good part by ground 
air; for reasons have been given above to show that vadose water is more 
or less self-regulating in the way of setting a limit to the size of a pas- 
sage that it can dissolve without the aid of corrasion. There is, on 
the other hand, theoretically no limit to the enlargement of deep-lying 
passages by ground-water solution if it takes place at all, although as the 
passages enlarge their further enlargement may proceed at a slower and 
slower rate. Furthermore, the concentration of a vadose stream on a 
gallery floor withdraws all of its solvent action from the roof and walls; 
but all parts of a deep-lying, water-filled gallery are subject to solution. 

Second, high-level galleries, initiated by vadose-water solution, are 
likely to remain of small size, still retaining an angular network pattern, 
because streams able to corrade them actively are soon withdrawn to 
lower levels; but low-level galleries little above the water table may 
be much enlarged by vadose-water action, aided by rock falls, whereby 
the gallery floors are graded with respect to some external control, 
usually a neighboring valley floor, and widened by lateral corrasion. 
As the widening takes place a gallery will most likely depart more and 
more from both the vertical joint and the extra dense or extra soluble 
stratum which first guided it, and the gallery floor may become sinuous, 
especially where its stream is deflected by rock heaps. Only the lowest 
blocks in such heaps can become stream-worn. 

On the other hand, deep-lying galleries may be opened and enlarged 
to a considerable size along bedding planes at various levels by ground- 
water solution; for a deeper- 
lying gallery will not withdraw 
the water from one lying at a 
less depth. The gallery walls 
may be hollowed out in con- 
cave form, figure 32A, so that 
the gallery width is greater 
above the floor, and not at the 
floor as it should be in corraded galleries, figure 324. Width may vary 
somewhat irregularly along a gallery. As there is practically no selec- 
tive corrasion performed by deep-lying ground water, its gallery floors 
will not be graded with respect to some external control; and the angles 
at the turns of slender galleries will be little rounded, as in figure 33. 
The galleries may be somewhat irreguiarly broadened laterally on soluble 
beds, as to the left in figure 33, and enlarged upward by rock falls from 


FicureE 32.—Contrasts between solutional 
and corrasional Galleries 
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the roof, but such falls will be diminished by upward pressure from the 
water-filling. The blocks of early falls at the bottom of a rock heap 
should be rounded down to smaller size by solution, while those of later 
falls at the top of the heap should be larger and more angular, as in 
figure 324. 

Third, the marks of water-wear by silt-bearing vadose streams may 
be preserved on the floor and walls and even on the roof of slender 


FicurE 33.—Solutional Enlargement of an angular Joint-passage 


galleries; but as such galleries grow to greater size, largely by floor 
corrasion and rock falls from above, the early-made marks on walls and 
roof will disappear; only those on the floor will be preserved or re- 
newed ; but down-trickling water may modify the angular forms left on 
the walls by falling rocks; and where the trickle locally becomes a little 
stream the walls may be more or less smoothed or fluted. 

On the other hand, the smooth forms produced by solutional excava- 
tion below the water table must be continually renewed on floor, walls 
and roof of a growing gallery; and even if they are removed from the 
roof by the fall of a rock slab, they will be produced again. Just what 
the nature of these forms may be it is not safe at present to assert; but 
it may be suspected that they are not unlike the irregularly rounded 
forms assumed by dense limestone under a leached-out soil cover; that 
is, they should have irregularly flowing curves which might be mistaken 
for curves produced by the wear of silt-bearing streams. No record of 
critical inquiry into this matter by cave explorers has come to hand; 
and in its absence one is tempted to wonder whether the walls of certain 
narrow passages which are described as smoothed or polished by run- 
ning water, and the walls of certain chambers which are said to be 
gracefully carved by water—with the implication of running water— 
may not be after all the work of solution by still-standing water. An 
instructive photograph of the roof of Fergusons Cave in Indiana, 
kindly sent to me by Professor A. R. Addington and reproduced in 
Plate 7, seems to be of solutional origin; it is at any rate quite unlike 


the work of running water. 
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Fourth, the branchwork arrangement of low-level galleries with down- 
stream gradients as produced by vadose corrasion has already been em- 
phasized. Equal emphasis must now be given to the persistence of the 
network arrangement of deep-lying galleries, without systematic gradi- 
ents, as produced by ground-water solution. These galleries may de- 
velop and preserve outgoing branches and loops in abundance. An 
irregular interconnection of their parts should be one of their leading 
characteristics. 

A fifth and highly significant contrast is to be found in the slopes of 
gallery profiles. It is not to be doubted that narrow galleries of imma- 
ture, vadose corrasion may have local steepenings of their downstream 
profile ; but widefloored galleries of corrasion can not have such steepen- 
ings, because their widening can not have begun until their floors had 
been reduced to fairly even gradients; nor can their profiles have reversals 
of slope. But galleries widened by ground-water solution may still have 
various irregularities of profile. When the great Carlsbad Cavern of 
New Mexico is described below this principle should be borne in mind. 

There are, however, certain resemblances to be expected between the 
cavernous passages excavated by vadose water and by ground water. 
Both seem competent to produce high and narrow passages; running 
water will do so by progressive down-cutting, perhaps guided by a master 
joint, from a single minute passage 
well above local baselevel, as in 
figure 9; dissolving water may do 
so by the gradual solutional open- 
ing of a joint at several levels until 
the different small openings blend 
into one large opening as in figure 
34. Both should increase in size 
with increase in the volume of water 
engaged in their production; hence 
FicurE 34.—Solutional Development both should be small near the di- 

of a narrow Passage vides, and should increase in size 
downstream toward the cavern vents ; 
but this increase in size should be more systematic in low-level galleries 
corraded above the water table than in deep-lying galleries dissolved below 
the water table. Both are, at the outset, developed in network systems 
of interconnecting passages; but while the network is, as above noted, 
persistently maintained by the ground-water passages it must ordinarily 
be converted into a branchwork by vadose water. This final contrast 
will later be shown to be of large significance. 
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LEISURELY CONTINUATION OF SOLVENT ACTION BY GROUND WATER 


There is, furthermore, a combination of various factors which appears 
to act in favor of greatly increasing the measure of ground-water solu- 
tion over what it might otherwise be in comparison with the measure of 
solution by vadose water. In the first place, little of the deep-lying 
ground water is likely to run away so fast that it can not exert its sol- 
vent power to the utmost; thus it differs from the hurried behavior of 
concentrated vadose streams which, when they are of good size, may run 
so rapidly as not to allow all their water threads to exert their solvent 
power to best advantage and may thus prevent their all becoming sat- 
urated with calcite before they leave their cavernous courses. In the 
second place, ground water is continually pressed into complete and inti- 
mate contact with all the passages it follows. Vadose water has no such 
continuity or completeness or intimacy of contact; it sometimes drips 
or fall through the ground air. On this point Weller, after noting that 
ground water moves slowly, writes regarding Kentucky caverns: “But 
this slow motion allows the [ground] water to accomplish a relatively 
greater amount of solution of limestone. The slowly moving water 
below the ground water table is more intimately in contact with the 
limestone on account of its distribution throughout the minute openings 
in the rock. It is also in contact with the limestone for a longer time 
than the water in the freely drained channels [galleries] above and 
consequently it approaches much nearer to complete saturation. 

Slight movement of the water below the ground water table, even when 
this is at baselevel, still takes place and openings in the rock are enlarged 
by solution” (1927, 47, 48). 

In the third place, although ground water acts slowly as a solvent 
agent, it has, as has already been pointed out, a much longer time for its 
action during the passage of a cycle of erosion than vadose water has. 
The excavation of cavernous galleries above the water table by vadose 
water largely ceases in the late-mature stages of a cycle, when many of 
the galleries are unroofed and transformed into valleys; but solution of 
galleries by ground water still goes on even through the longer-lasting 
stage of peneplanation, provided that no regional elevation occurs to in- 
terrupt it. In other words, the cavernous galleries that are hidden below a 
limestone peneplain have had a time-period for their slow excavation 
which must have included the preliminary solutional opening of joints and 
partings in the overlying limestone mass by percolating vadose water ; the 
corrasional enlargement of some of the small, low-lying openings into 
great galleries; the unroofing of those galleries and their conversion into 
open or blind valleys, and the removal of the residual hills and swells be- 
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tween the valleys. Yet however long and leisurely may be the excavation 
of cavernous galleries by ground-water solution below the water table, 
they must always preserve their interconnecting network arrangement ; 
and their floors must always, failing to develop the systematic down- 
stream gradients that characterize corrasional galleries, persist in fol- 
lowing rather closely along beds of most easy solution. Moreover, there 
need not be large galleries at deeper-lying levels below much smaller 
galleries at less deep levels, such as.have been shown to be expectable in 
cavern systems developed by vadose water above the water table. Never- 
theless, it must not be forgotten that the solvent action of ground water 
is extremely slow; and that it will be only under highly favoring condi- 
tions that it can excavate large, deep-lying galleries. Insofar as it does 
so, the water rising from them to issue as springs should be well 
charged if not saturated with calcite; and if saturated it would prob- 
ably, on reaching the open air, form travertine deposits, such as have 
already been considered. 

The importance of the time element in favoring the solutional excava- 
tion of deep-lying galleries by ground water must be further emphasized. 
This may perhaps be done best by recalling the value of this unescapable 
element in the aging of the soil on a peneplain; for such aging is be- 
lieved to be largely accomplished by the s#lutional decomposition of min- 
erals that are ordinarily regarded as insoluble. The occurrence of 
bauxite in the old soils of our Southern States is a case in point; for 
that mineral is, as Leith and Meade (1915), Adams (1927) and various 
others have shown, a hydrated aluminous residue that is left after the 
silica, with which it was originally combined, has been leached out. If 
this result can be reached by the intermittent action of small amounts 
of soil water through the long interval of time involved in peneplana- 
tion, important measures of limestone solution should be accomplished 
by the much more persistent action of deep-lving and relatively abun- 
dant ground water, year in, year out, during the same long interval of 
time. The pertinence of this point will be more fully appreciated when 
the relation of our most famous caverns to limestone peneplains is 
pointed out on a later page. 

In any case, the excavation of even the largest cavern by ground-water 
solution requires only that its water-filling shall, after becoming satu- 
rated with calcite, be changed 30,000 times; and if an average of 33 
years be allowed for a filling to become saturated (a month being given 
for the saturation of a very slender filling in a minute embryo passage, 
and half a century or more for the saturation of the filling in an enlarged, 
full-sized cavern), the time required for the total excavation would be 
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hardly more than 1,000,000 years, even without the aid of carbon di- 
oxide; and such a measure of time is surely available for cavern excava- 
tion below limestone peneplains. If a new water-filling is already some- 
what charged with calcite when it enters the growing cavern, the time 
required for the total excavation will be prolonged; if the entering 
water-filling contains some unemployed carbon dioxide the time re- 
quired will be shortened; if it is juvenile water, warm and carbonated, 
that enters the cavern from below the time of excavation will be shortened 
still more. 

It therefore seems permissible, in view of these various considerations, 
to imagine that the development of cavernous shafts and galleries under 
the action, partly solutional but largely corrasional, of vadose water 
above the water table and their eventual destruction by subaerial 
degradation may be associated with the development of deeper-lying 
shafts and galleries under the action, almost wholly solutional, of 
ground water below the water table. In all events it must be true that 
whatever caverns are thus produced—and some have been so produced if 
the above-given interpretation of Marengo and Wyandotte caves in In- 
diana is correct—they must be developed in systematic order; they must 
grow from small beginnings to greater ends; that is, just as the work of 
vadose water proceeds from a fine-textured network at an early stage to 
a coarser-textured, low-level branchwork at a later stage, so the work of 
ground water must proceed from a fine-textured net-work at an early 
stage to a coarser-textured network at a later stage. But, while the 
branchwork galleries of a cavern produced by vadose water might be ex- 
plored during their production, if one could be found in a dense-lime- 
stone upland in its first cycle of erosion, none of the network galleries 
produced by ground-water solution are accessible to exploration while they 
hold the attitude with respect to the water table in which they were 
produced. 

As long as a region in which such deep-lving galleries of ground- 
water solution occur remains undisturbed, the deeper passages will be 
water-filled and will therefore be inaccessible. Only after elevation 
takes place and introduces the region into a second cycle of erosion, 
thus allowing the ground-water filling of the deeper-lying galleries 
to be drained away and replaced by ground air in which dripstones 
can be formed, may the passages that were dissolved during the previous 
cycle be entered and examined. Hence we must next inquire into the 
occurrence of caverns in limestone regions that are now, in consequence 
of regional elevation, moderately advanced in a second cycle of erosion 
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after having progressed, before such elevation, far through an earlier 
cycle. 
NO EXAMPLES OF DENSE-LIMESTONE UPLANDS IN A FIRST CYCLE OF 
EROSION 

Before entering on that inquiry, search should be made for a dense- 
limestone upland which is still in the youth or maturity of its first cycle 
of erosion, in order to see if any caverns that it possesses exhibit 
features corresponding to those above described as the inferred products 
of first-cycle, vadose-water action. This search leads to a somewhat sur- 
prising result; for when the attempt is made to find regions of dense, 
level-bedded limestones in a first cycle or erosion, an unexpected difficulty 
arises. No descriptions of such uplands are to be discovered. Plains of 
modern, porous limestones in a first cycle of erosion are known, as in 
Florida and Yucatan; but uplands of dense, older limestones all appear 
to be today in a second or later cycle of erosion, after having passed 
more or less completely through one or more earlier cycles. 

The preceding inferences regarding a first-cycle upland of dense lime- 
stones may therefore have little direct application, but they have been 
carried through in order to determine as carefully as possible the ex- 
pectable forms that underground passages in limestone uplands should 
have, according as they are largely the product of vadose-water corra- 
sion or of ground-water solution in a first-cycle of erosion. 


TWOo-CYCLE CAVERNS IN DENSE, LEVEL-BEDDED LIMESTONES 
A MATURELY DISSECTED UPLAND INTRODUCED INTO A SECOND CYCLE 


The interruption of a cycle of erosion by crustal movement of any 
kind may occur at any stage of its progress. Brief consideration may 
therefore be given to the case of a maturely dissected upland of dense, 
level-bedded limestones with a karst surface and a full equipment of 
cavernous galleries of both corrasional and solutional origin, after it is 
uplifted several hundred feet and thus introduced into a new cycle. As 
to the galleries of vadose corrasion, only the main or lowest one need be 
considered. It should be promptly trenched by its stream, unless, as is 
more likely, the stream is segmented and withdrawn from it by sinking 
through shafts to a deep-lying gallery of ground-water solution. As fo 
previously deep-lying galleries of ground-water solution, they should be 
drained of their water-filling as the karst surface below which they were 
excavated is raised to its new altitude; and while the draining is in prog- 
ress, sharp clefts might be cut in the sides of shafts down which good- 
sized streams descend. Both the main gallery of corrasion by a water- 
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table stream and the several deeper-lying galleries of ground-water 
solution would come to be the seat of dripstone deposition as soon as 
the ground air that occupies them becomes relatively dry. But as no 
examples of the kind here outlined are known, the outline need not be 
filled in. 


TWO-CYCLE CAVERNS IN UPLIFTED LIMESTONE PENEPLAINS 


When a district composed of dense, level-bedded limestones is worn 
down to a peneplain and then introduced into a second cycle of erosion 
by regional elevation, the peneplain of the first cycle will serve as the 
initial surface form of the second cycle. Accompanying and following 
the movement of elevation, the subpeneplain, cavernous galleries of 
ground-water solution in the preceding cycle will be drained of the 
water-filling that occupied them during their slow excavation; and the 
peneplain will enter a second cycle of erosion with a full equipment of 
already-made underground shafts and galleries, thus eliding the gradual 
development of shafts and galleries by which a first cycle is character- 
ized. If a rapidly and recently uplifted limestone peneplain be some- 
where found, trenched by narrow and steep-sided valleys, the caverns to 
which the young valleys give entrance may be found so extensively 
developed as at once to suggest their origin before uplift occurred, espe- 
cially if the largest galleries are not at the lowest levels and if they 
possess a network instead of a branchwork pattern. 

If any ground-water caverns were unroofed during peneplanation, so 
that they then appeared as lakes, their basins would be drained and pro- 
longed in young valleys at an early stage of a new cycle. Slightly dis- 
sected limestone peneplains should therefore be examined to see if they 
preserve traces of such caverns, formed “between wind and water.” 

In consequence of uplift the water-filling of the solutional caverns will 
be withdrawn, with the result of for a short time provoking active rock 
falls from the roof. Bain records the occurrence of a roof fall in a cave 
near Joplin, Missouri, after its original water-filling was pumped out 
in the course of mining work (1901, 110). A further consequence of 
uplift will be the active corrasion of shafts and galleries along which 
the withdrawal of the water-filling takes place. Deep and narrow cor- 
rasional passages, like those described in Mammoth Cave by Weller and 
Lobeck and referred to in an earlier section, may be effectively pro- 
duced in this way during an early stage of a second cycle. The streams 
on gallery floors will behave in various manners, as already outlined. 
At the same time, some altogether new shafts and galleries may be 
initiated by vadose water action above the water table. 
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Observers who accept the one-cycle theory of cavern origin today 
generally current will naturally regard all the caverns in an uplifted 
peneplain as having been dissolved or corraded by vadose water since 
the elevation of the peneplain took place; but it is at least conceivable 
that they were excavated by the alternative process of ground-water 
solution before the elevation was begun, as above suggested, and only 
subordinately modified by vadose water during and after elevation. It 
is this conceivable possibility that is to be here examined. 

No examples of limestone peneplains are known that have been so 


FIGURE 35.—An uplifted and trenched Peneplain in a cavernous District 


recently and so rapidly elevated that they still preserve a continuous 
surface, not yet trenched by newly eroded valleys. All uplifted lime- 
stone peneplains are more or less trenched, figure 35, and a good share 
of the trenching was probably accomplished by the larger surface streams 
during the uplift. With greater uplift and further advance of the new 
cycle, parts of the peneplain may be consumed in the development of 
blind valleys, as in figure 36, and in the meantime a new crop of deep- 
lving caverns will be in preparation, as at levels J and K. It is cer- 
tainly instructive to discover that it is in regions of uplifted and more or 
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Figure 36.—An uplifted and maturely dissected Peneplain in a cavernous District 


less dissected peneplains of dense limestone that nearly all our most 
important dripstone-clogged caverns are situated; that is, in regions 
which have already gone far through at least one cycle of erosion before 
suffering elevation and entering upon the cycle now current. This is un- 
questionably true for the great caverns in the horizontal Paleozoic lime- 
stones of Kentucky, Indiana, Tennessee, and Missouri, and in the tilted 
Paleozoic limestones of the Appalachian valleys; and it appears to be 
true in large measure for the great Carlsbad and other caverns in the 
Permian limestones of New Mexico and Texas, for they also are prob- 
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ably two-cycle caverns. The rocks in which all these caverns occur have, 
before elevation to their present altitude, long lain below the water 
table of their regions; and ground water has there had almost the whole 
of one cycle at least, if not of more than one cycle of time, for the solu- 
tiona] excavation of deep-lying cavities. 

Insofar as dense limestone peneplains are undissected about their 
divides, their surfaces should probably be free from unroofed caverns, 
because cavern-making near divides was impeded by lack of water. If 
caverns lie a little below the peneplain surface elsewhere, they would 
soon be transformed into valleys. Where such peneplains are subma- 
turely dissected between their larger streams, they should, if my analysis 
of first-cycle processes is correct, be found to contain numerous and often 
extensive caverns, possibly with large galleries at several levels, produced 
by ground-water solution in the preceding cycle and more or less modified 
by vadose-water action in consequence of uplift. If dry, the caverns 
should contain growing dripstones. Such caverns would, as we have just 
said, be ordinarily assumed under the general accepted theory of 
cavern excavation to be the work of vadose water since the peneplains 
were elevated; but this assumption is evidently open to question. We 
are therefore here confronted with two explanations, both tenable, for 
second-cycle caverns ; and in order to make choice between them we must 
recall the features expectable under each explanation as stated in earlier 
sections. Only after such features are clearly defined can we determine 
which set of them best agrees with the facts. 

Among all the features by which caverns may be characterized under 
each explanation, especial attention should be given to those which are 
accessible to observation and which are not identical under the two 
explanations ; for invisible features, although perhaps of theoretical inter- 
est, are of no practical assistance in our inquiry; and identical features 
have no discriminating value. 

If at an early stage of a second cycle the caverns below an uplifted 
peneplain are wholly the result of new solutional and corrasional work 
by vadose water during and since uplift, then we must expect merely 
a new set of branchwork caverns, essentially like those produced by 
vadose-water action during the early stages of the preceding cycle. 
In this case the lowest gallery will be the only large one, and it may be 
expected to possess a branchwork pattern with regular gradients, and 
with walls showing broken layers more or less fluted. If large galleries 
of such origin are found at several levels beneath an uplifted peneplain, 
a pause in elevation must be assumed to account for each level; and in 
such case all the large caverns in a given district should have the same 
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number of main gallery levels separated by the same vertical intervals. 
Moreover, independent evidence of the pause in elevation should be found, 
as Weller has suggested (1927, 29-37), in various surface features of 


subaerial degradation. 

But if the caverns beneath an uplifted peneplain are chiefly the work 
of ground-water solution in the preceding cycle, then another set of 
features should be expected, among which a three-dimensional network 
of shafts and galleries is the most significant; and in this network the 
largest galleries are not necessarily the lowest. In the several caverns 
of a given district, accordance of main gallery levels will in this case be 
no more procise than the accordance of the most soluble limestone strata. 
The gallery walls will be prevailingly rounded by solvent action, as in 
figure 33, except where fluted by vadose trickles since elevation. The 
roof also may show solutional forms, as already noted. The floors will 
be variously modified, according to their new relation to the local base- 
level. If a gallery floor chances to stand so close to baselevel that its 
vadose stream exerts little downward corrasion, the base of the wall may 
be locally undercut as the stream swings from side to side; this effect 
will be most conspicuous in 
narrow galleries followed by 
good-sized streams. The 
igh floors of galleries that stand 
well above local baselevel 

will be more or less 
= Sn trenched by their streams, 
—— an : as in figure 37; unless, as 
is much more probable, the 
‘ streams are segmented and 
withdrawn by vertical shafts 


to a gallery that lies so low 
it can not be much trenched. 
Yet floor trenching will 
happen in a gallery that is placed by regional elevation at so moderate a 
height above baselevel that its floor stream is not withdrawn, because 
no additional gallery can be formed below it; and insofar as trenching 
is accomplished it will tend to change the solutional network of first- 
eycle excavation, into a corrasional branchwork. The change will not, 
however, be effective, because the network here consists of relatively 
large galleries, probably larger than the new-cut floor trenches; this 
ineffective change is therefore quite unlike the effective change that 
is inferred for a first-cycle corrasional gallery system, in which the 


Figure 37.—A Trench eroded in a flat-floored 
Gallery 
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branchwork galleries as a rule become much larger than the network 
which they replace. The behavior of Echo River on the lowest level of 
Mammoth Cave, and of other streams similarly placed, should be closely 
examined with these inferences in mind. 

On the other hand, if a gallery of deep-lying solution is left by eleva- 
tion a little below grade, its floor will be aggraded by inwashed silt. 
The muddy floor of the cleftlike extension of Salts Cave in Indiana, 
above cited, may be an instance of this kind, except that degradation of 
surface-valley floors seems there to have taken the place of regional 
elevation. It should be understood that no stream trenches can be cut 
in the broadened gallery floor of vadose-water corrasion during a first- 
cycle of cavern excavation, because such a floor would not be widened until 
its stream was at grade and therefore incapable of trenching. As above 
stated, some newly made shafts and galleries of vadose-water production 
in consequence of regional elevation may be closely associated with larger 
galleries and shafts of ground-water solution that were produced during 
the preceding cycle before regional elevation. 

We may now confront the inferences which the foregoing theoretical 
summary has set forth with facts gained from the observational study of 
actual, second-cycle caverns. As the confrontation advances we shall 
see that what is now most needed in the investigation of cavern origins is 
not so much a more detailed deduction of expectable features as a closer 
and more critical observation of actual features. 


CONFRONTATION OF INFERRED WITH MAPPED GALLERY PATTERNS 


The inferred competence of a nonsegmented gallery-floor stream to cut 
a floor trench is attested by an example in the horizontal limestones of 
Michigan, reported to me by Dr. A. C. Lane, formerly official geologist 
of that state. In the floor of an irregular, shallow cave, 3 feet high, a 
little stream, slightly meandering in its original course, cut a gorge 2 feet 
wide and 3 feet deep, which slanted outward at every curve because the 
meanders had grown stronger as the gorge was deepened. What change 
of conditions had impelled the stream to trench the floor is not stated. 
The cave has been subsequently destroyed by quarrying. 

An example of a long and slender gallery scoured out by a vadose stream 
is found in Eckerts Cave in the uplands of horizontal cherty limestone 
of southern Illinois, nearly opposite St. Louis; the following account 
of it has been sent me by Dr. Isaiah Bowman, director of the Ameri- 
can Geographical Society of New York: “The first work of the stream 
is still traceable in the cave roof as flutings, its very birthmarks, partly 
guided by joints. The stream must then have been of relatively small 
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volume, completely filling a tubelike passage, of which it scoured the top 
as well as the sides and bottom. On coming to square joint angles, the 
stream rounded them by wearing out a bulblike curve. The water volume 
seems to have grown with the growth of the passage, which was cut down 
vertically as well as widened laterally; and as it was thus enlarged it 
departed more and more freely from the initial joint guidance. Growth 
from a tiny, joint-guided flow to a good-sized stream must have been 
rapid, because the marks of stream erosion on the side walls of the 
widened passage are in places only a few feet below the small roof 
flutings; hence lateral erosion must have been for a time faster than 
downward erosion. The passage eventually became a well-developed 
gallery, from 30 to 40 feet wide, from 10 to 12 feet high and at least 
several miles long. The side walls have benches determined by the vary- 
ing resistance of the strata. Rock slabs, flaking from the roof, have fallen 
here and there; many of them must have been worn down and washed 
away by the stream as the floor was progressively lowered and widened. 

The stream is now from 2 or 3 to 


10 feet wide; at certain places its 

== SS current is swift. Several incom- 

= — striking were the numerous sink 
hole shafts that led down directly 
i into the gallery, as in figure 38. 
; Where detritus has been washed 
— down a shaft from the surface, it 


forms a fan that rises from the 

in Eekerts gallery floor. One of these was 

ascended to its apex, where day- 

light could be seen up the slant- 

ing shaft. A fan sometimes deflects the floor stream against the opposite 

wall, which it then undercuts. The floor has shoals and bars of detritus 
washed along from the base of the fans.” 

This apposite description leaves no doubt that vadose streams can 
excavate cavernous galleries. While the embryo tube was completely 
water-filled, it might have been either above or below the water table. 
Had it been below, later solution should have destroyed the tube roof. As 
the roof survives where not removed by rock falls, the tube must have 
heen originally above the water table, so that later action of its stream 
only wore down the floor. 

A similar origin seems to apply to Burksville Cave, also in southern 
Illinois, which, according to a description received from M. M. Leighton, 
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chief of the Geological Survey of that state, has been traced for about 
4,000 feet. Near the downstream end it is merely a narrow passage, 6 
or 7 feet high, and of diminishing width until it becomes impassable. 
Upstream it consists of a series of broad and flat rooms or high and nar- 
row passages. Throughout the whole length of the cave, branches are 
traceable for short distances. The general arrangement of the main 
passage and its branches “is that of a surface drainage system flowing 
over rocks of unequal solubility.” Maps of these and other similar 
caverns, to show how far their branching is continued and to determine 
whether some network is not retained in the narrowest branches, are 
much to be desired. They are given mention here in order to make it 
clear that, while deep-lying ground water is believed to be capable of 
excavating caverns by quiet solution, this belief in no wise excludes the 
associated belief that vadose streams can excavate higher-lying caverns 
chiefly by active corrasion. It does not follow, however, that all slender 
caverns are of vadose corrasion, as the next examples will show. 

In contrast with the preceding examples of young galleries which 
seem to be surely of vadose corrasion in a second-cycle upland, an 
example of a still younger gallery, also in a second-cycle upland but 
apparently formed for the 
most part by ground-water 


solution during an earlier 
cycle, may be cited. This is ae 

Mays Cave, figure 39, in 
southern Indiana, which has | 
been surveyed by Addington 1525-30 

(2928, 258). It isthe most | 

linear and angular gallery 

that has been come upon 
during this review. It is 

classed as belonging to the “tubular type of caverns” by its observer, who 
writes me that although the turns in its course are truly almost angular, 
the silt-and-gravel-bearing floor stream has somewhat rounded the outer 
angle of the lower part of the wall in bulblike curves at each turn and 
has left gravel deposits on the inside of the curve, much as surface 
streams do; he adds that several other Indiana caves show a similarly 
curved enlargement of their turns. This suggests that Mays Cave was 
originally opened by ground-water solution below the water table, and 
subordinately modified by vadose stream when the water table sank be- 
low it; the modification being much less than in Boiling Springs Cave, 
figure 13. The height to which the curved enlargement of the angular 
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turns reaches in caves of this character and the detailed forms of the 
walls above that height are interesting items for further observational 
study. 

Another tubular passage known as Rays Cave, also in Indiana, has 
been described by Malott. It is of “very uniform width and height, 
following the joints strictly and turning frequently at sharp angles” 
for 1,000 feet; there “further progress is arrested by a mass of great 
sandstone blocks fallen from above. . . . A large volume of water 
comes from under the fallen débris” (1922, 236). Whether the angular 
turns are enlarged at their base by bulb curves is not stated. Another 
example of a linear cavern will be found in the discussion of caverns 
in tilted limestones. 

Further examination of cavern maps may be made to see if their 
galleries show a prevailingly branchwork or network pattern. It should 
be understood that few maps include minor passages and crevices, many 
of which are too small to be easily entered. A relatively simple example 
may be first inspected ; namely, the slender, looped passage of Donnehues 
Cave in the horizontal Subcarboniferous limestones of southern Indiana, 
reproduced in part in figure 40 from Blatchley’s report (1896, 139). 
The passage is usually from 4 to 6 feet in both width and height, and 
hence of tubular form; a stream follows the floor. Smaller and larger 

loop arms turn aside from the path of a 
= single gallery. Nothing is said in the 
description of the cave as to the floor 
gradients of the loops; but whatever 
ial they may be, it is difficult to imagine 
200! that the shorter and longer arms could 
have been persistently followed by split 
§ streams of essentially equal sise all 

Cave, Indiana 
through the corrasional excavation of 
the gallery. The mere fact that the di- 
rect gallery along one side of the larger loop is only about half as long 
as the indirect gallery around the other three sides should have resulted 
in the early abandonment of the indirect and in the concentration of the 
whole stream along the direct gallery; its floor should have. been worn 
somewhat lower than that of the indirect gallery and its size should have 
grown decidedly larger ; but the two are mapped as of about the same size. 

This surely argues against the corrasional origin of not only the loops 
but also of the single gallery in Donnehues Cave, for it is not to be 
imagined that the loops and the single gallery have different origins, 
and if the part of this cave which consists of a single gallery is thus 
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shown to be presumably of solutional origin, then various other caves 
which have no loops but only single passages may possibly also be of 
solutional and not corrasional origin, though they may have been some- 
what modified by corrasion since the elevation of their region. A number 
of linear caves in Tennessee, to be referred to in a later section, may be 
thus explained and with all the greater probability of correctness because 
certain associated caverns are described as labyrinthine. It is by no 
means intended to assert that all narrow, linear caves are to be inter- 
preted as of deep-seated solutional origin, but rather to point out that 
they are not necessarily the work of vadose or water-table streams. 
Perhaps the two kinds of linear caves may in the future be distinguished 
by the features of their walls, when the detailed differences of form 
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Figure 42.—Part of Wyandotte 


Cave, Indiana 
After Blatchley. 


Figure 41.—Part of Saltpeter Cave, Missouri 
After Detweiler and Townsend. 


produced by running-water corrasion and by standing-water solution 
have been learned. 

A second comparatively simple example of a looped gallery is taken 
from a map of Saltpeter Cave in southern Missouri, which was made in 
1911 by Messrs. Detweiler and Townsend, students in the Missouri School 
of Mines, and was, like the map of Boiling Springs Cave already referred 
to, sent to me by Professor Dake. The map is copied in part in figure 41. 
The loops here differ from those in Donnehues Cave in including rela- 
tively small “islands” or rock columns within broad-gallery loops. As 
shown in the accompanying profile, the roof is nearly level but the floor 
is decidedly uneven; and this goes with the loops is suggesting a solu- 
tional, not a corrasional, origin. 

Wyandotte Cave, 5 miles north of the Ohio River in southern Indiana, 
has already been described as having been presumably drained of the 
water-filling which dissolved it in consequence of a lowering of the 
water table in its district. It may now be instanced as teaching the same 
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lesson as Donnehues and Saltpeter caves. Part of it, reproduced in figure 
42 from Blatchley’s report (1896, 153), shows that its galleries, which 
are described in much detail by H. C. Hovey (1882, 123-153), are more 
irregular and much larger than those of the previous example; but the 
same argument applies to them. It is altogether unlikely that a looped 
stream could maintain itself during all the time necessary to excavate 
looped galleries as large as those here shown. The case of Marengo 
Cavern, also in Indiana, has already been instanced as leading to the 
same conclusion. 

The force of the evidence which these looped galleries give against 
their production by vadose streams will not be perceived unless it is 
understood that, large as the galleries are now, they began as minute 
crevices into which a knife blade could hardly enter. From the time when 
the crevices above the water table were opened enough by solution for them 
to be followed by running streams with a free upper surface, the streams 
on the two arms of each loop have been in competition with each other, as 
to which one would, either by corrasion or solution or both, cut down 
deepest and thus acquire all the water flow, leaving the other arm dry. 
The reduction of both arms to the same low level during the gradual 
enlargement of the looped galleries requires that the two stream-arms 
should work at the same rate for a long period of time; and such equality 
of action seems simply impossible. 

Nevertheless, Wyandotte Cave with its large and small loops is in- 
stanced by Walker (1928, 8) as an example of a “tunnel cave” formed 
by the solvent action of descending surface water at the level of the 
water table; for although he recognizes that “an underground drainage 
system is often similar in its branching arrangement to a surface drain- 
age system,” he notes also that “caves of mature development usually 
exhibit a network of passages,” because “branch tunnel caves not infre- 
quently connect through headward extension.” Such a method of develop- 
ing a network out of a branchwork seems to me extremely improbable as 
compared to its development by ground-water solution; but that method 
was not considered by this observer for this cave. His observations on 
ore-bearing caves are cited in a later section. 

A map of Evans Cave in the horizontal Subcarboniferous limestones of 
Franklin County, in northwest Alabama, is reduced in figure 43 from 
an unpublished map made in 1929 and generously submitted to me by W. 
D. Johnson, Jr., of the U. S. Geological Survey; it is here published by 
permission of the director of that organization. Except for its winding 
galleries in the northwestern part, for the precise accuracy of which I 
can not vouch, this cave is in pattern utterly unlike the branchwork of 
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stream-eroded valleys. The question still remains open, however, for 
this cave and the others above instanced, as to whether their networks are 
of a pattern that ground-water solution could produce. I believe that, 
so long as water-filled caves are not open to observational study, the best 
way to answer that question is by such inferences as are here made. 
In any case, all these caves are in regions which have been, after their 
reduction to peneplains—perhaps to the same widely extended peneplain 
—broadly elevated and more or less dissected; that is, their limestones 
have passed through just such a sequence of conditions as would permit 
the leisurely excavation of large caverns by ground-water solution before 


FiGurE 44.—Part of the Cavern of Bra- 
mabiau, France 
After Martel. 


FIGURE 43.—Part of Evans Cave, 
Alabama 


After Johnson. 


they are drained of the assumed water-filling in consequence of the 
elevation. 

A fifth example is Carlsbad Cavern in southeastern New Mexico, which 
is further described on a later page. Its great main gallery is connected 
by a network of interlocking passages with a series of curiously ramify- 
ing side chambers, figure 50. A more slender network is found in the 
basement chambers, about 90 feet lower. Nothing can be imagined less 
like a stream-cut branchwork. No one who believes that a system of under- 
ground drainage is comparable to a system of surface drainage can regard 
these intricately interlocking passages and curiously shaped chambers as 
the product of an underground drainage system. 

A sixth example is Woodward Cave of moderate size in locally nearly 
level limestones in Center County, Pennsylvania. As described by R. 
W. Stone (1930, 42) its passages include two well-defined loops. 
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A seventh example, figure 44, represents part of the cavern of Brama- 
biau in southeastern France, the longest cavern in that country, as mapped 
by Martel and reproduced from his work by De Lapparent (1906, I, 207). 
It is peculiar in showing not only several loops in the network of its 
apparently joint-guided galleries, but also in having four branching pas- 
sages of similar size, by which the slender galleries in one part communi- 
cate with a much broader gallery in another part. Under the corrasional 
theory of caverns, whichever way water may have run in excavating such 
a group of passages, it is altogether unreasonable to think that its stream 
could have long persisted in being so subdivided. One branch must have 
had some little advantage over the others, and must have thereupon soon 
become the master, withdrawing the water from its neighbors and leaving 
them of small size with higher and drier floors, while its own enlargement 
and deepening was continued. But as the several passageways are mapped 
of the same size, with no indication of difference of level among them, 
their origin by the action of a subdivided stream can not be accepted. 

The most complicated network of tangled cavernous galleries that has 
been come upon is found in the farther part of Mammoth Cave, shown in 
figure 54 in a later section of this essay, where the origin of that great 
cavern is considered in some detail. Such a network can not possibly be 
the product of underground streams. The uniform size of the galleries, 
as mapped, seems improbable. 

It should be noted that the maps of looped, split and tangled cavern 
galleries here cited were not made to support any particular theory of 
cavern origin, but merely to record the facts of unbiased observation. 
The maps may not be very accurate. Compare, for example, the maps 
of the elaborate network of passages in the farther part of Mammoth 
Cave as shown on two maps by H. C. Hovey (1882, 53, and 1913, frontis- 
piece), or the two maps of Marengo Cavern, one by Blatchley (1896, 145), 
the other by Addington (1927, 22); but precision is not at present of 
great importance, as far as the contrast between branchwork and net- 
work patterns is concerned. It is the genera] nature of the gallery pat- 
tern that signifies, and a comparatively rough map suffices to show that. 
A high value therefore attaches to cavern maps of network patterns as 
witnesses in favor of cavern origin by ground-water solution, as shown 
by the examples here subpoened. And let it be remembered that if looped 
galleries are to be thus explained, it is eminently possible that many non- 
looped galleries in the same district are to be similarly accounted for, at 
least in part, unless they bear indubitable marks of having been corraded, 
like Eckerts Cave above described, from roof to floor by vadose or water- 
table streams. 
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CONFRONTATION OF INFERRED WITH DESCRIBED GALLERY PATTERNS 


Many caverns have not been mapped. Their testimony must there- 
fore be deposed in verbal form and the following deposition is a good one 
with which to begin. A large cavern in flat-lying, sub-Carboniferous 
limestones near Hannibal, Missouri, said to be the largest of many caves 
in its district, was long ago described by Crosby (1871) as “‘a perfect 
labyrinth of avenues and passages, passing into, through, above and 
below one another, at every conceivable angle . . . a vast network of 
subterranean passages. . . . In some places the cave is four stories 
deep ; that is, there are that many distinct systems of galleries, one above 
another ; at other places these may be all merged into one.” Little water 
was seen by the observer in the galleries that he traversed. “The absence 
of water, or some other cause, has prevented the formation of those 
beautiful stalactites and stalagmites which are usually found in lime- 
stone caverns. The walls of the cave are studded with water-worn 
crystals of cale spar . . . rusty looking nodules.” The origin of the 
cave is shown by the “horizontal water marks and ledges [on the walls], 
such as would be produced by a running stream of water. They are so 
plain and distinct as to preclude the possibility of its having been pro- 
duced by any other cause than a subterranean river.” It is believed 
that this cavern is the prototype of the cave made famous by Mark Twain 
in the “Adventures of Tom Sawyer,” “a vast labyrinth of crooked aisles 
that ran into each other and out again and led nowhere. It was said that 
one might wander days and nights together through its intricate tangle 
of rifts and chasms and never find the end of the cave; and that he 
might go down, and down, and still down, into the earth, and it was just 
the same—labyrinth under labyrinth, and no end to any of them.” 

Crosby’s positive conclusion that the cavern must have been made by 
a “subterranean river’ is not easily reconciled with his statement that 
four distinct systems of superposed galleries in one part of the cavern 
are all merged into one system in another part; and it is not clear whether 
the horizonta] ledges on the walls of this cavern may not be merely 
the edges of outcropping strata rounded by quiet solution instead of by 
running water. It must be here recalled that if a large gallery has been 
widened by the lateral corrasion of its floor-stream, the walls can not 
exhibit marks of stream water, because their strata have been broken off 
as the floor was widened. If the walls of large galleries bear marks of 
water-wear, they are most likely the work of solution in standing water ; 
and in this cave that is all the more probable because the “network of 
subterranean channels” seems to exclude the production of the cavern by 
running subterranean streams, and to suggest instead the solutional 


4 


TWO-CYCLE CAVERNS IN DENSE, LEVEL-BEDDED LIMESTONES 575 


action of slow-moving ground water below the water table before the 
uplift of the region to its present altitude. The lack of dripstones is 
surprising; but if percolating water is also absent, as the description 
states, their absence is natural enough and the surprise may be trans- 
ferred to its absence. The occurrence of cale spar crystals on the walls 
will be referred to in a later section. 

In an account of many linear caves in central Tennessee by Bailey, an 
abstract of which will be given on a later page, mention 1s made of one 
cave which “is exceedingly intricate and full of intercommunicating 
passages which form a labyrinth in which it is easy to get lost” (1918, 
101) ; another is “very sinuous and branches many times. The branches 
extend in various directions and some of them rejoin the main passage” 
(132). Fowke briefly tells of Missouri caverns which consist of a “net- 
work of cavities” with extensive ramifications (1922). Hence not only 
these complicated caverns but also their simpler neighbors may be re- 
garded as largely of deep-lying solutional origin, though they may have 
been more or less modified since regional elevation drained them of their 
supposed former water-filling. 


SPLIT AND LOOPED SUBAERIAL RIVERS 


Let it be explicitly understood that objection to the acceptance of 
looped cavern galleries as representing the corrasional work of under- 
ground streams does not rest merely on their being looped, but in the 
implication that the streams which did the corrasion maintained their 
looped courses during all the time the corrasion was in progress. 
Looped and bifurcating subaerial rivers are by no means of unusual 
occurrence, but they are usually of so recent origin that their streams 
have not yet had opportunity of developing single courses; well-incised 
streams do not show such features. To be sure, elaborately subdivided 
or braided channels are characteristic of gravel- or sand-bearing, graded 
rivers; but in such cases the shoals and bars on which the current sub- 
divides are changed to new patterns by every flood; rivers of this kind 
do not bear on our problem because they are not deepening their chan- 
nels. Better illustrations of split and tangled channels, well above 
grade, may be seen near the head of certain glaciated valleys in the 
Sierra Nevada of California, where the streams are frequently found 
sprawling in most irregularly subdivided fashion on glacially scoured 
rocks, in which no single channel has yet been selectively eroded. Larger 
examples of young, undeveloped drainage are to be found on the 
Laurentian highlands of Canada where, according to Bell (1897), lakes 
not infrequently have two outlets and good-sized rivers often loop 
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around “islands” several miles in length. The best-known example of 
this kind is young Niagara, whose postglacial existence must be much 
briefer than that of many caverns. It has already abandoned the nar- 
rower arm of a loop in its lower course at Wintergreen Flats below the 
Whirlpool by deepening its gorge along the wider arm; a second loop, 
which encloses Goat Island at the present falls, is in process of being 
resolved by the much more rapid retreat of the Canadian or Horse- 
shoe Fall on the southwest side of the island than of the almost 
stationary American fall on the northeast side: the disproportion in 
the volume of water flowing along the two arms of this loop is very great. 
A third loop, much the largest of the three, encloses Great Island, 
which begins 4 miles farther up the river (southeast) between the Falls 
and Lake Erie and measures 6 by 7 miles. 

Yet the theory that caverns are excavated largely by the corrasional 
work of vadose streams involves—although no explicit mention of 
this matter is made by the advocates of that theory—the prevalent 
persistence of split underground streams for very long periods of time. 
This seems to me so unreasonable, so inconsistent with all that is known 
of stream action, that I must regard it as a serious defect of that theory. 


CONFRONTATION OF INFERRED WITH OBSERVED CAVERN PROFILES 
There are not many recorded profiles of cavern galleries with which 
to confront the contrasted consequences derived from the two competing 
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Ficcure 45.—Inferred Profiles of corrasional and solutional Galleries 


theories of cavern origin here under consideration, perhaps because 
profiles demand greater accuracy of measurement than is necessary in 
noting the pattern of cavern galleries as seen in plan. Before citing 
some examples of such profiles, a few detailed consequences of the two 
theories may be specified in addition to those already noted. A minute, 
low-level gallery above the water table, figure 454, might, as a vadose 
stream is concentrated in it, be expected to have its floor deepened to a 
systematic gradient, and its roof raised by rock falls, so that it is trans- 
formed into an enlarged gallery, B, the floor of which descends either 
in steps or in a smooth curve. But a similarly minute, initial gallery 
below the water table might, while gaining height by rock falls, either 
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preserve its level floor, C, except for heaps of fallen blocks and deposits 
of residual clays, or lose it by floor solution. 

A minute gallery above the water table might be initially developed 
in down-stepping fashion, figure 46, ); and its floor might be later 
deepened by stream corrasion while its roof was raised by rock falls. 
But a minute gallery, HZ, below the water table, initially of a down and 
up-stepping profile might later be transformed into a large, sagging 
gallery; and shortly after elevation it might be drained by a narrow 
down-stepping passage. 

It is not easy to find descriptions of cavern gallery profiles with 
which to confront these inferred consequences of theories as to cavern 
origins, because observations of galleries have seldom been made critically 
enough and descriptions have seldom been written with sufficient detail 
to make it possible for a nonobserver to know just what the facts of 
the case really are. Thus the accounts of a number of caverns in 
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Ficure 46.—Inferred Profiles of corrasional and solutional Galleries 


Tennessee by Bailey (1918), abstracted below, while recording such 
items as the occurrence of rapids and waterfalls in the course of long 
cavern streams, do not at the same time give details as to the form of 
the roof closely enough to make it possible to know what sort of roof 
forms are found there: but it is perfectly natural that such details 
should not be included in this observer’s records, for his object in 
studying the caves was not to learn their origin but to discover if the 
earth on the cave floors contained enough calcium nitrate to pay for 
its extraction. 

Similarly, the brief statement made by Lobeck that “the various 
levels [of main galleries in the Mammoth Cave] correspond with bed- 
ding planes of the limestone,” and the added statement that “the de- 
parture from horizontality in the floor of many of the avenues * * * 
is due to the accumulation of tabular blocks that have fallen from the 
ceilings” (1928, 60) would, if taken literally, go far to proving the 
solutional origin of that great cavern; but as the galleries are several 
miles in length and as rock heaps and dripstone deposits may perhaps 
conceal various significant departures of floors from bedding planes, 
some uncertainty must remain as to the precise facts of the case. 
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Besides that, this experienced observer would probably have given more 
attention to the slopes of both the gallery floors and the limestone strata, 
if he had had two theories of cavern origins in mind instead of only 
one, and if he had seen that the two theories involve somewhat con- 
trasted consequences as to the relations of floors and strata. 

Lee gives (1925c, 302) a profile for the main gallery of Carlsbad 
Cavern, here reproduced in figure 47, with some extension to the right 
from the cave map; its total length is about 5,000 feet, in which the 
floor descends about 350 feet with two rather steep pitches. It is im- 
possible that the floor could have gained its considerable width while a 
corrading vadose stream had such slopes as are here indicated; for if 
underground streams behave as under-air streams do, the floor profile 
ought to have been reduced to grade before the widening of the floor 
began; or as Meinzer phrases it, “the underground streams, like the 
surface streams, become adjusted to some base level . . . and they 


FIGURE 47.—Profile of Carlsbad Cavern, New Mevico 
After Lee. 


tend to become graded to this base level by the laws of stream grada- 
tion” (1927). Yet the steeper slopes of the floor are mapped as having 
fairly even transverse contour lines which show no sign of a trench or 
gorge, such as a stream running there would inevitably have cut. Taken 
with the network ‘pattern of the galleries, as shown in figure 50, vadose 
water is not only excluded from having had any significant share 
in the excavation of this huge cavern, but also from producing any 
recognizable modification of it after regional elevation permitted the 
withdrawal of the water-filling that must have occupied and excavated 
it on the theory of ground-water solution. Nevertheless, it should not 
be asserted that this great cavern is the work of solution until its walls 
are shown to bear the marks of solutional work. It is greatly to be 
hoped that some experienced student of caverns may soon make critical 
observations on this point. 

Marble Cave, in the lead region of southern Missouri, is briefly 
described by Winslow (1894, 466) on the basis of observations by E. O. 
Hovey. It is one of the few caves which has been mapped both in 
profile and plan, as shown in part in figure 48. Winslow makes the 
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general statement that “the familiar process by which the intricate 
passages and chambers of caves in limestone are formed” is solution by 
carbonated waters along joints and bedding planes: but the relation 
of the waters and the resulting cave to the water table of its district is 
not specified. Neither the plan nor the profile of Marble Cave suggests 
its origin by vadose-water corrasion above or at the water table. A 
general account of Marble Cave by Emery (1885) tells that one of its 
rooms, known as the “cemetery.” “is filled with mummified animals. 
There are bears, panthers, otters, raccoons, opossums, wolves, foxes, 
lynxes, etc., and one specimen of what seems to be an antediluvian 


FIGURE 48.—Profile and Plan of Marble Cave, Missouri 
After Hovey and Winslow. 


animal of the genus pterodactylus. . . These mummies are in an atti- 
tude of repose, as if the animals had come here to die. . . . Hair on 
the dried-up skins is well preserved.” Whether the modern mammals 
are as well identified as the “antediluvian animal” can not now be said. 

The best cave profile that has come to hand is of Saltpeter Cave in 
southern Missouri, one part of which has been already shown in figure 
41. A larger loop, about 1,000 feet long, is shown in figure 49; its 
pattern at once suggests deep-lying, solutional origin. The profiles of 
the two arms of the loop, shown at the top and bottom of the figure, are 
equally suggestive of solutional, or at least of noncorrasional origin, for 
they have no persistent slope. The inequalities of the floor can not be 
due to heaps of fallen blocks, for in several places the floor sinks where 
the roof rises. A study of this cave, with the object of determining in 
detail the peculiarities of wall forms that go with the indications of 
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solutional origin as given by the looped galleries and the uneven floor 
profiles, would be highly instructive. 

Deposits of clay or of cave earth on gallery floors would seem to be 
inconsistent with their having been produced by the corrasional action 
of water-table streams; but it is perhaps possible that, as in the cleft of 
Salts Cave, figure 17, such deposits mark the aggrading action of a 
stream that took possession of a solutional passage, the bottom of which 
was below stream grade; or that as such a stream was gradually with- 
drawn to a lower gallery through slowly enlarging shafts, its diminished 
volume laid down silts on the rock bed which the full volume had 


| 200' 
if toa 
tid 


FictrReE 49.—Plan and Profiles of Saltpeter Cavern, 
Missouri 


After Detweiler and Townsend. 


slightly corraded ; or that the clays are the insoluble residue of ground- 
water solution. 

Mallott’s excellent account of Marengo Cavern in southern Indiana 
is pertinent here (1929, 3). The cavern floor is from 30 to 75 feet 
wide over a length of about 2,500 feet; it is blanketed with a clay 
silt of unspecified thickness, in which is a well-preserved stream channel 
2 or 3 feet deep and 10 or 20 feet wide, which swings from one side 
of the cavern floor to the other, much as the channel of a surface stream 
would swing on its valley floor. The channel bed still preserves ripple 
marks and current-cut gouges “which clearly indicate the direction of 
flow of the stream . . . which largely formed the cavern.” Prolific 
dripstone deposits occur where water drips from the roof; they are 
supposed to have been formed since the cavern floor was abandoned by 
its stream: if so, perfect quietude must have prevailed to allow the 
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current marks in the silt of the stream channel to survive through all 
the time of the dripstone formation. In the absence of knowledge regard- 
ing the buried rock floor of this fine gallery it would be premature to 
decide whether the stream was running there during all the time that 
the cavern suffered corrasional excavation, or whether the stream had 
been running there only during the shorter time since the cavern was 
drained of the ground water that occupied it during its slow solutional 
excavation ; but the discussion of this cavern on an earlier page inclines 
me strongly to the latter view. 

It has been briefly noted that the walls of wide caverns excavated 
chiefly by the corrasional action of vadose or water-table streams can 
not be stream-worn except close to the base; they should be character- 
ized by angular faces of broken-off strata, except where grooved by 
down-trickling water. But the walls of caverns excavated by ground- 
water solution should have chiefly rounded rock faces, because they 
have been persistently water-bathed ; even the roof might show solutional 
forms, such as those of Fergusons Cave, Indiana, Plate 7, may prove 
to be. Unfortunately we seldom find sufficiently detailed descriptions of 
caverns with which to confront these theoretical expectations. The 
reason for this regrettable lack of information seems to be that only one 
theory of cavern origin has been current in America. The explanation 
of caverns has been commonly regarded as a closed subject, and critical 
observation of details has thus been discouraged. Hence some advantage 
may result from the introduction of a new theory, if it leads to critical 
observation of distinguishing features hitherto neglected, even if in 
the end it is rejected as outrageous. 


FIVE-EPOCH HISTORY OF TWO-CYCLE CAVERNS 


If any caverns have been formed in dense limestones by ground-water 
solution during a first cycle of erosion and then brought within reach 
of exploration by the erosion of valleys in consequence of the introduction 
of a second cycle by regional elevation, their history will be divisible 
not into four epochs, as is the case for one-cycle caverns, but into five 
epochs; two of which belong in the first cycle, two in the second, while 
one holds an intermediate place. The first epoch of the first cycle is 
occupied with the solutional development of a deep-seated network of 
small, water-filled shafts and galleries, at levels F and G, figures 4 and 
5; the second epoch is that of the enlargement of the small shafts and 
galleries, still water-filled, to a network of mature dimensions, figures 
21, 22, 30; the third epoch is characterized by the withdrawal of the 
water-filling in consequence of regional elevation, figures 35, 36; the 
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fourth witnesses the more or less complete depositional replenishment 
of the dried galleries with dripstones; the fifth is occupied with the 
degradation of the cavern roof and walls to the low relief of a second 
peneplain. 


EXAMPLES OF CAVERNS IN DENSE, LEVEL LIMESTONES 
GENERAL STATEMENT 


A review of several second-cycle cavern districts of dense limestones 
will now be made in order to learn how far their caverns are of two- 
cycle origin and if so, how far they possess fourth-epoch features. 


CAVERNS IN THE BLUE-GRASS REGION OF KENTUCKY 


An explanatory description of this beautiful region, BG, figure 52, and 
a helpful interpretation of its caverns have been given by Matson in his 
study of its water resources (1909). It is an uplifted and imperfectly 
dissected peneplain, the upland surface of which gently bevels across 
the nearly horizontal Ordovician limestones of the low and broad Cin- 
cinnati anticline; the lower or Lexington limestone being laid bare in a 
central area within a broad margin of Cincinnati limestone around it. 
The rivers flow in narrow, steep-sided valleys, which are often of serpen- 
tine pattern, as if they had acquired the habit of meandering on the 
peneplain before its uplift and had persisted in it during and after the 
uplift. The smaller streams, especially in the Lexington area, flow in 
narrow side valleys of steep gradients, making a descent of 500 feet in a 
few miles. Many caves are known in the central area; most of them 
are followed by streams; none of them are highly ornamented with 
dripstones. By reason of their steeper gradients, “the lowering of the 
channels of the surface streams takes place much more rapidly than 
the lowering of the underground streams” (44). Hence many perched 
springs, apparently supplied from high-level, underground galleries, 
emerge on valley sides from 100 to 300 feet above the valley-eroding 
rivers. Some such galleries appear to have lost their streams through 
shafts to lower-lying galleries; for it is noted that after a gallery is 
abandoned by its stream, “much of the [percolating] water is removed 
by evaporation, so that solution gives place to deposition” (44) and drip- 
stones begin to be formed. The significant statement is made that 
“below the level of surface drainage, the underground channels in the 
Lexington limestone . . . seem to be full of water” (47) ; thus implying 
that gallery deepening by underground stream corrasion has not yet, since 
uplift, been sufficient to drain all the “underground channels” of their 
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water-filling; and implying still further that these channels were ex- 
cavated by ground-water solution before uplift took place. 

From all the statements thus far quoted except the last, it is not 
clear whether the caverns are regarded as having been produced above 
the water table following the uplift of the region, after the one-cycle 
theory of the textbooks, or before the uplift below the water table: but 
two other passages appear to declare the author’s belief in favor of the 
second, rarely adopted alternative, and thus give welcome support to the 
two-cycle theory presented in the present essay. The first passage, already 
cited on an earlier page, is explicit enough: “It is probable that before 
the uplifting of the Lexington peneplain a large part of the surface was 


drained by underground streams . . . and that the | pre-uplift |] Neocene 
was the period when the formation of caverns was most rapid. . . . 
With the uplift of the peneplain . . . the formation of new caverns 


and the enlargement of the old has continued down to the present time” 
(30). The second passage is less explicit: “As the belt of rapid solution 
is restricted to the zone of active water circulation, the formation of 
caverns takes place largely above the level of the surface streams that 
receive the underground drainage, but this does not imply that there 
is no deep-seated solution or that active circulation may not extend 
below the level of the surface drainage” (42). It is not stated just how 
the excavation of the older caverns is continued or the initiation of 
new ones is begun—whether by solution or by corrasion—after the uplift 
of the peneplain. Nor are details given as to the pattern or the 
gradients of the galleries now accessible to observation, probably because 
such details were irrelevant to the observer’s main object of study; but 
in spite of these omissions the report is most helpful, and it is certainly 
gratifying to find the possibility of cavern excavation by ground-water 
so definitely announced. That possibility is, however, not confirmed 
by a critical comparison with its opposed alternative: the features of 
caverns produced in one way and the other are not deductively worked 
out separately, and then successively confronted with the facts in order 
to learn which set of deductions matches the facts best; and in the 
absence of such deduction and confrontation, the conclusions presented 
can not be regarded as fully validated. 


CAVERNS OF CENTRAL TENNESSEE 

An examination of over 100 caverns in the horizontal limestones of 
central Tennessee has been made by Bailey (1918), but more with 
the ob‘ect of determining their “value . . . as possible sources of niter” 
than of discovering their origin. However, a large body of impartially 
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determined facts has thus been brought to light, some of which have 
already been cited on earlier pages of this essay and others of which 
may now be summarized. Many of the caverns are only slender, tubular 
galleries, up to a mile or more in length and yet averaging not more 
than 15 or 20 feet in width and 10 or 15 feet in height. Their relation 
to bedding planes is seldom stated. Their size usually diminishes as 
they are followed inward till they become mere crawl-holes more or less 
occupied with vadose streams. Some of them are fairly straight; but of 
number 25 it is said “the walls are very smooth and the curves in the cave 
are at right angles following the joint planes” (88), thus suggesting that 
originally angular turns had been rounded by running or standing 
water. 

Some of the caves have only occasional branches; others branch in an 
elaborate fashion: thus number 103 “is exceedingly intricate and full 
of intercommunicating passages which form a labyrinth in which it 
is easy to get lost” (101) ; another, number 15, is “very sinuous and in 
places very narrow. . . . Lateral branches are numerous and con- 
fusing” (105). Number 101, 2 miles long, 30 or 40 feet wide and 15 
or 20 feet high, “winds about very much. . . . The [side] passages 
are so numerous and intricate that it is easy to get lost in them” (107). 
Number 86 has two branches, one of which, 114 miles long, “is very 
sinuous and branches many times. The branches extend in various 
directions and some rejoin the main passage” (132). 

Some of the passages have fairly flat roofs, but number 33 “is very 
narrow and its roof narrows upward into a fissure” (116); in number 
10 “the roof is very high and narrows to a mere crack” (103). Some 
are followed by streams; number 41 has several noisy waterfalls; the 
stream “divides like a river in a delta plain,” but whether on rock 
or silt is not stated. This cave has a circular chamber 100 feet in 
diameter and 75 feet high; a small stream enters it at a height of 45 
feet and cascades to the floor (108). Number 98 has a length of 21% 
miles with an average width of 40 feet and an average height of 30 
feet; it is followed for its entire length by a stream which has several 
rapids and falls (98). Other passages are dry; in one of these, number 
65, “there are several holes in the floor, through which a stream may 
be heard some distance below” (123). Dripstones appear to be better 
developed in the dry than in the wet caves, thus giving support to the 
view that they are due to evaporation in dry cave air rather than to 
escape of carbon dioxide; but number 90, known as Wonder Cave, the 
most visited in the state, said to extend 3 or 4 miles along its stream with 
an average width of 40 feet and a height of 12 feet, expands in various 
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chambers, of which the largest, “about 400 yards long, 100 yards wide 
and 8 [ ?] feet high, contains thousands of dripstones of various shapes ;” 
many of them “are so white that they resemble porcelain ware” (99). 
An earlier account of this long cave by Nelson (1912, 299) gave a map 
of about 3,000 feet of its length, showing it to be of simple, linear pattern, 
but did not include mention of its vast, low-roofed chamber. 

In number 52 of Bailey’s list there is a dome-shaped chamber, 300 feet 
long, 200 feet wide and 75 feet high, the walls of which “have been elabor- 
ately carved by water ;” several passages lead from it, one of which was fol- 
lowed for about a mile; no one has ever reached its end, “as there is great 
danger of getting lost owing to the number of side passages leading in 
all directions” (120, 121). Number 55 has a fine cylindrical chamber, 
15 feet in diameter and 40 feet high, the walls of which “are gracefully 
carved by water.” The question may be raised whether these water- 
carved walls record the corrasive work of running vadose water, or the 
solutional work of standing ground water. A few of the caves have 
galleries at different levels. The cave floors are not infrequently en- 
cumbered with heaps of fallen blocks, some of which are very large: 
Number 98 has a very rough floor; “for nearly its whole length [of 214 
miles] there are great heaps of broken rock piled up on one side or the 
other of the cave” (98). Banks of loose earth, up to 10 feet in thick- 
ness, cover the floor in most of the caves; the earth often contains 
fibrous crystals of gypsum and an unprofitably small quantity of niter. 

In spite of the large number of facts thus reported, it would be 
hazardous to express any definite opinion as to the origin of these 
numerous caves; indeed, it is quite possible that they have had different 
origins, some having been produced below, and some above their water 
table. Those followed by cascading streams would seem to be of the 
latter kind, or at least to have been modified by vadose water. Those 
possessing complicated branches were more probably produced by solu- 
tion below the water table, although they also may have been somewhat 
affected by vadose streams since regional elevation placed them above 
the water table. In favor of that suggestion it should be understood 
that the Tennessee dense limestone caves are in a district that has 
unquestionably been through at least one cycle of erosion preceding the 


cycle now current. 
CAVERNS IN MISSOURI 


Although caverns have long been known to be numerous in Missouri, 
few of them have been described in sufficient detail to give clear indica- 
tion of their origin. The labyrinthine cavern near Hannibal appears, 
however, according to the description by Crosby, already cited, to 
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possess so extraordinarily complicated a three-dimensional network as 
to give strong reason for regarding it as a two-cycle cavern, primarily 
due to ground-water solution. Many caves in this state have been 
explored by Fowke for the Bureau of American Ethnology, but his 
report (1922) contains little information regarding their pattern, apart 
from a general introductory statement of much significance if it may be 
taken literally, for we there read that the caves consist of “a network 
of cavities whose ramifications sometimes extend throughout several 
townships.” 

The occurrence of cavernous underground drainage in southern Mis- 
sour! is indicated by several examples of “subterranean stream piracy” 
described by Dake in the Ozark highlands, which correspond to similar 
drainage changes already reported for Indiana. One is that of a small 
surface stream, which has been tempted, by the opening of a direct 
half-mile underground course leading to its master stream, to desert a 
roundabout surface course of three times that length, and which has 
sharply deepened its former valley for nearly half a mile upstream from 
its sink (1923,7). Another case is that of an incipient subterranean cut- 
off on the course of Niangua River, in which a 6-mile circuit with a 
fall of 22 feet is reduced to an eighth of a mile: but in this case the 
underground passage does not seem to descend significantly below the 
water table (11). It is suspected that a completed cutoff of Gasconade 
River, whereby its course was shortened nearly 9 miles, was similarly 
initiated (12). Two mapped examples of Missouri caverns have already 
been described in connection with figures 13 and 49. Certain other 
Missouri caverns, the walls of which are lined with calcite crystals, will 
be referred to in a later section. 


CARLSBAD CAVERN OF NEW MEXICO 


Carlsbad Cavern, one of the greatest in the world, excavated in the 
nearly horizontal Permian limestones of the Guadalupe Mountains in 
southeastern New Mexico, has been made known chiefly by Lee, whose 
explorations were conducted under the auspices of the National 
Geographic Society of Washington. Two of his papers (1924, 1925c) 
were published in the magazine of that society, with a series of superb 
photographs showing the vast chambers and their marvelous dripstone 
decorations. The cavern is now deservedly protected as a national 
monument. A complicated network of galleries and chambers, shown in 
figure 50, is reduced by pantagraph from part of a blueprint of the 
original survey for the National Geographic Society by R. H. Runyan 
on a scale of 50 feet to an inch, with 5-foot contours on the gallery floors. 
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Ficurp 50.—Part of Carlsbad Cavern, New Mezico 
After National Geographic Society’s Survey. 
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The profile, figure 47, is based on the map. As has already been said, 
nothing can be imagined more unlike a stream-carved branchwork than 
this very remarkable network. The largest gallery, known as the Big 
Room, lies to the southwest of the area shown in figure 50; it is over half 
a mile long, from 50 to 300 feet wide and of various heights up to 300 
feet. Great heaps of fallen blocks encumber the floor; some of the 
blocks are of enormous size; one that fell 200 feet is estimated to weigh 
100,000 tons. Some explorers have climbed far down through the crevices 
of the heaps, but nothing has been reported as to greater soljution on 
the lower than on the upper blocks, such as has been suggested in figure 
324A. The cave floor is mostly dry; but two series of pools are held in 
rimstone terraces. 

Lee’s views as to the origin of the cavern and its dripstones are con- 
cisely stated as follows: “Through long ages the underground water 
dissolved and carried away soluble materials, leaving a great cavity 
deep down in the highlands. In the course of time this process was 
reversed and the water, carrying carbonate of lime in solution, deposited 
this material within the cavern in the form known as cave marble. 
Solution formed subterranean chambers of astonishing size. Deposi 
tion decorated these chambers with adornments of surprising variety and 
beauty” (1925a). Whether the solution was accomplished above or 
below the water table is not specified; but certain incidental statements 
suggest the latter possibility. The chambers are casually spoken of as 
“ereat solution cavities ;” and a picture is given of “a curious remnant of 
limestone left by the solution of the rocks about it,” called the “billing 
doves” (1925c, 315), as if the idea of excavation by ground-water solu- 
tion had been familiarly entertained. And yet Lee also wrote: “In 
most places the walls are rough and jagged, where masses of rock, now 
lying on the floor, have fallen. But in a few places the walls are 
relatively smooth, having been polished by waters which flowed through 
this passageway ages ago” (1924, 18). Certainly, the “curious remnant” 
has no resemblance whatever to forms produced by flowing water. 

This great cavern is, however it was produced, an extraordinary monu- 
ment of subsurface water action in an arid climate. That the present 
altitude of the cavernous mountain mass, some parts of which rise 9,000 
feet above sealevel, results from relatively recent regional elevation after 
a greatly prolonged lower stand is to be inferred from the Permian date 
of its limestones and from the steep walls of its few canyons, one of 
which is pictured by Lee (1925c, 316). The cavern may therefore be 
regarded, provisionally at least, as of two-cycle origin, and its drip- 
stones may be taken to record the change of conditions that was intro- 
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duced when the water-filling, that should have occupied the great cavities 
during the lower stand of the region, was replaced by ground air when 
elevation occurred. In favor of this view it may be noted that the 
corrasional excavation of the cavern by running water after the limestone 
mass gained its present altitude seems a wasteful method of cavern 
production ; for vadose waters, little carbonated in the thin soil of the 
arid surface, would run so rapidly through the galleries that they might 
not have time to become saturated. On the other hand excavation of the 
cavern by the deliberate solvent action of little carbonated ground water 
during the enormous lapse of time since the limestone strata were formed 
would be a thrifty method, in the sense that every drop of water would 
have had time during its long underground sojourn to dissolve all the 
limestone it could carry. 

Lee suggests that it seems as if certain stalactites were trying to say: 
“Behold me. In this basal darkness I have waited 10,000 years for 
one admiring glance” (1925c, 315). It might be added that the tangled 
network of the galleries and the steep slopes of certain gallery floors 
are denying, as vociferously as silent witnesses can, that they are of 
corrasional origin and insisting on an origin by deep-lying ground-water 
solution. 

THE CAVERNOUS REGION OF SOUTHERN INDIANA 


The somewhat detailed accounts of the evolution of several Indiana 
caverns given in an earlier section, where they were introduced to illus- 
trate the erosional transfer- 

=< ence of subwater-table solu- 

3 tion galleries to superwater- 
table conditions, may now 
be supplemented by a more 
general statement .concern- 
ing the limestone district in 
which the caverns occur, 
with especial relation to the 

— several cycles of erosion that 
it has suffered. The dis- 

. trict is in the driftless area 

of the southern part of the state on the western side of the broad and low 
Cincinnati anticline, where all the strata, having gentle westward dips, 
outcrop in north-south belts, as in figure 51. The belt of cavernous Sub- 
carboniferous limestones, 300 or 400 feet thick, with which we are par- 
ticularly concerned, is darkest shaded; it occupies the back slope of a 
cuesta-like upland, 10 or 15 miles wide and over 100 miles long, known 


J 
) 


590 W. M. DAVIS—ORIGIN OF LIMESTONE CAVERNS 


as the Mitchell Plain, and declines from 900 feet altiture at its eastern 
border to 600 at its western. Its surface is pitted by numerous sinkholes, 
many streams descend in swallow holes, and numerous cavernous passages 
lie underground. The few surface streams that traverse the belt have 
valleys from 80 to 175 feet deep; sinks on the adjoining uplands are 
largest near the valleys; along the flat upland divides the sinks are few 
and small. 

Southern Indiana has experienced at least three cycles of erosion; 
hence opportunity for the development of deep-lying solutional galleries 
has been excellent. The earliest cycle was of late Mesozoic date, when 
the Gulf embayment extended far up the Mississippi Valley; the south- 
ern part of Indiana and adjacent areas must then have been, according 
to Malott (1922b, 128), “perfectly peneplaned . . . little above the 
sea.” Regional elevation introduced a second cycle in early Tertiary 
time, and the earlier peneplain was then so greatly consumed that no 
trace of it survives in Indiana (130). The second peneplain was up- 
lifted to altitudes of 900 or 1,000 feet in the area here considered in late 
Tertiary time and is now passing through the cycle of erosion then 
introduced, an incomplete third peneplain having been already developed 
on the belts of weaker strata (131). It is by reason of the degradation 
of these weaker strata on the east and west during the third cycle that 
the Mitchell limestone plain now survives between them as a gently 
slanting upland. 

The great development of underground drainage and cavernous 
passages in this upland belt has naturally enough resulted in turning 
the attention of local geologists to the study of subterranean phenomena, 
as may be seen by consulting the “Proceedings of the Indiana Academy 
of Sciences” for the past 40 years. Two surface streams in particular 
have been examined and their changes have been interpreted in view 
of their losses to underground passages. One of these is Lost River, 
first studied in this connection by Elrod (1875, 1899), and above 
presented in some detail on the basis of descriptions by Malott 
(1929). The other is Indian Creek, the loss of whose headwaters 
to adjacent deeper-cut streams on the northwest and southeast has been 
the subject of a special discussion by Beede (1911). While not 
directly denying the excavation of passages by ground-water solution 
below the water table, the two earlier authors, Elrod and Beede, write 
chiefly of passages above the water table or coincident with it. It is 
therefore desired to emphasize here the manifest possibility that many 
good-sized solution passages in this cavernous district, now close to or 
above the water table in the present cycle of erosion, may have been 
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begun as minute embryos during earlier cycles of erosion well below the 
water table, as at levels F and G, figures 21, 22, and 30, and may have 
therefore enjoyed an enormously long time period for their slow growth. 
The penetration of ground water in the limestones of southern Indiana 
to a depth of 1,000 feet below the late Cretaceous peneplain is by no 
means beyond the limits of reasonable possibility, for their joints and 
bedding planes must have existed then much the same as now. The 
larger caverns of this state are therefore looked upon as probably of 
two-cycle origin. 

It is profitable here to call attention once more to the great depths 
to which subsurface water may penetrate jointed or faulted rock masses. 
Meinzer makes the general statement that ground water is known to 
reach depths of from 1,500 to 3,000 feet, and adds that “porous rocks 
that yield water freely have been encountered at depths of more than 
6,000 feet, but most of the wells drilled deeper than 2,000 feet have 
found but little water below this depth”; also, that “in Australia . . . 
there are numerous successful flowing wells that derive their supplies 
from depths of more than 3,000 feet and a considerable number that 
are supplied from depths of more than 4,000 feet” (1923, 43, 44). 
Ground water circulation to a depth of 2,500 feet in southern Missouri 
as inferred by Bain has already been noted. Fuller gives the depth of 
water encountered in several deep mines in limestone; in one in a 
valley at Elkhorn, Montana, “open solution channels” were found to the 
bottom at 1,800 feet, but most water was met above 1,400 feet; in 
another at Leadville, Colorado, on a slope 1,000 feet over a valley floor, 
water was found “mainly along faults, not much diminished with 
depth,” to 1,500 feet; and in a third at Bisbee, Arizona, a very dry 
region, much water was found to bottom levels at depths of 1,200 feet, 
“possibly connected with faulting” (1906); in later years the depth to 
which ground water at Bisbee has been found in caverns has been increased 
to 2,200 feet; but there is a possibility that these Arizona caverns were 
excavated when the mountain mass in which they occur had a different 
position from that which it now holds. 

Repetition may be made here of the inference already stated in con- 
nection with the supposed action of subsurface water during the mature 
stages of an erosion cycle, as illustrated by the outflow of large springs 
from the same upland of dense, nearly level-bedded limestones in south- 
ern Indiana that is here under consideration: “As such action probably 
began in late Cretaceous or early Tertiary time . . . it seems hazardous 
to set narrow limits to the size of the cavernous passages that slow- 
moving ground water may be now traversing.” And I venture to 
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persist in this opinion in spite of a general statement opposed to it 
made by Van Hise: “Concluding from the geological facts observed, it 
seems perfectly clear to me that the fundamental fact of the part of the 
zone of fracture between the level of ground water and the zone of 
anamorphism [flow under pressure] is that cementation is the most 
characteristic process” (1904, 565). Perhaps limestone districts would 
have been excluded from this sweeping statement if they had been 
specially considered. 


MAMMOTH CAVE DISTRICT OF KENTUCKY 


The cavernous limestone district of Mammoth Cave and its neighbors 
in west-central Kentucky, figure 52, is a continuation of the Mitchell 
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FIGURE 52.—Part of Kentucky 
After Lobeck. 


limestone belt, figure 51, in Indiana. It lies about halfway, north and 
south, between Louisville, Z, on the Ohio, and Nashville, Tennessee, on 
the Cumberland River; or about halfway, east and west, between the 
shallow syncline of the western coal field, WCF, and the Blue-Grass 
region, BG, of the low Cincinnati anticline in the north-central part of 
the state, but well to the south of the line joining their centers. The 
cave district is therefore on the gentle monocline between these con- 
trasted deformations. Its physiographic situation is well described 
and clearly illustrated by Lobeck (1928), on whose text and block 
diagrams the following account is largely based. The region has, like 
southern Indiana, probably suffered peneplanation more than once, but 
the dissection following the last general elevation is here much farther 
advanced than is that of the Blue-Grass region, above described. It is 
probably in consequence of former peneplanation that the rivers of the 
district, of which Green River is the chief, usually flow in incised 
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meandering valleys, as shown on the topographic maps of Big Clifty, 
Cub Run, Mammoth Cave, Brownsville, Scottsville and Bowling Green 
quadrangles. 

Mammoth Cave, M, figure 52, and the neighboring large caverns, of 
which over 20 are known, are in an upper division of the Subcarbonif- 
erous limestones, about 300 feet in thickness. The limestones, covered 
by a thin sandstone, form hereabouts what may be called the Cave 
plateau which, beginning at the southeast side of Green River valley 
with an altitude of 700 to 800 feet and gradually rising southeastward 
for 8 or 10 miles, is there cut off at an altitude of 840 to 960 feet in the 
Dripping Spring escarpment, DPS, figure 52. A descent of 250 or 
300 feet is there made to the Pennyroyal plain, PR, which, frequently 
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Figure 53.—The Mammoth Cave District 
After Lobeck and the Mammoth Cave Topographic map. 


pitted with close-set sinkholes, has been rather smoothly stripped on a 
lower division of the same limestones. Sixteen short streams have been 
described by Jillson as disappearing in a nest of sinkholes in this district 
(1927). The resistant upper and lower members of the limestone series 
must be separated by a group of weaker beds, the rapid retreat of which 
has produced the strong Dripping-Spring escarpment between the sur- 
viving Cave plateau and the Pennyroyal plain. Caverns very likely 
occur beneath the plain as well as in the higher plateau, but beneath 
the plain they must be as a rule water-filled and inaccessible. 

The Cave plateau hereabouts is trenched along its northwestern side 
to a depth of 300 feet, more or less, by Green River which with its 
northern branch, Nolin River, and its southern branch, Barren River, 
comes from the lower well-cleared Pennyroyal plain and flows into the 
forested Cave plateau on the way to the syncline of the western coal 
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field. The plateau between Green River valley and Dripping-Spring 
escarpment is strikingly skeletonized by a number of well-opened blind 
valleys, locally known as “hollows,” with many sinkholes on their floors, 
as in figure 53. Only flat-topped residual mesas with rugged sides now 
survive as suggested in figure 36, and it is in these mesas that the large 
caves are all found. The mesa that is irregularly perforated at several 
levels by the wandering galleries of Mammoth Cave, trends northwest- 
southeast for about 6 miles, and at four points is less than a quarter 
mile wide; but many irregularly branching arms on either side give 
it expansions to summit widths of one or two miles. It is difficult to 
see where space for the mapped ramifications of the cave can be found 
within the mesa, but perhaps they are below the floors of the adjoining 
“hollows.” Colossal, Great Crystal, and Great Onyx caves are in a 
broader mesa next to the northeast. It is manifest enough that all 
the existing caverns, large as they are, have been considerably reduced 
from their original extensions by the lateral wasting of the ragged 
mesas. 

Mammoth Cave has, according to H. C. Hovey (1912, 86), im- 
portant galleries at five levels, wtih many tangled networks. The upper 
levels are all dry; the lowest, where very few dripstones are found, is the 
course of Echo River, a considerable stream, of which a good view is 
given by Reeds (1928, 142). It rises in floods at times of rain and 
appears to be at grade with Green River, of which it is evidently a 
tributary, although its point or points of confluence are not surely 
known. No allusion is made by Hovey or any other author whom | 
have read as to the possible, and to my view probable, occurrence of 
water-filled caverns at still lower levels. Their presence or absence may 
perhaps be determined by modern methods of echo-sounding. 

In addition to the main galleries and their branches at several levels 
there are, according to Lobeck (1928, 59-61), various intermediate 
galleries, several enormously enlarged shafts or dome pits, the walls of 
which are vertically “channeled and fluted by running water.” and also 
occasional narrow and devious ways from one level to another. The 
same recent observer states that the floors of the main galleries “cor- 
respond with the bedding planes of the limestone,” except where heaps 
of fallen blocks make them uneven. Taken all together, the galleries 
constitute, according to Procter (1898), “a bewildering labyrinth, cross- 
ing over and under one another, and winding about in every direction, 
the main ones having a general direction toward Green river.” The 
complication of the cavernous passages seems, indeed, to be so great that 
one is tempted to question whether they can be correctly summarized 
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as for the most part standing at four main levels above the river level. 
Their profiles have not yet been accurately or extensively enough sur- 
veyed, especially in the farther parts of the great cavern, to prove so 
simple a relation. Some years ago Call explained (1897) that the fear 
on the part of the owners of the land under which most of the cave 
lies that another entrance to it than theirs, M, figure 53, might be found 
had caused them not to allow the cave to be mapped thoroughly. Now 
that a second entrance, V, has been found, it may be hoped that accurate 
surveys and profiles may be made. 


ORIGIN OF MAMMOTH CAVE 


The origin of this famous cavern is here more fully considered than 
that of any other because it has been so much better studied, especially 
by Weller (1927) and Lobeck (1928). The first-named observer gives 
close attention to an important matter; namely, the possible occurrence of 
pauses in the regional elevation of the region when, as he believes, the 
excavation of the caverns was taking place. He regards the cavern 
galleries at different levels as having been developed successively, the 
highest one first, chiefly by graded, water-table streams; each gallery 
having been widened by lateral corrasion when its floor-stream was at 
grade with the floor of Green River valley. He writes on the matter 
as follows: “These various cave levels were each formed by an under- 
ground stream which formerly flowed through it, the uppermost first and 
the lowest last” (55). The broader galleries “were probably formed 
by streams which flowed through channels developed at base-level. Under 
such conditions the streams could not erode their channels deeper and 
their energies were devoted to lateral cutting and the undercutting of 
certain strata of the limestone removed their support and allowed them 
to collapse. The fallen fragments were gradually removed by the 
streams” (57). No consideration is given to the difficult problem of 
maintaining a network of galleries by flowing, gallery-floor streams. 

Procter appears to have held a somewhat similar view. He wrote: 
“The evidence is conclusive that these caves have been cut down to 
correspond with the deepening of the channel | valley] of Green river” ; 
the evidence apparently. being that the vertical extent of the caves is 
about the same as the vertical measure of river down-cutting (1898, 
643). Lobeck also presents much the same explanation in brief form. 
He suggests that “the greatest activity in cave making takes place along 
the joints down which the surface water is making its way into the cave, 
and in the bottom level where most of the water is concentrated ;” the 
bottom level at any one time being determined either by an impervious 
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layer or by the water table at grade with Green River. He also suggests 
that the different levels at which the galleries have been developed may 
have been controlled by temporary halts of Green River in cutting down 
its valley, but it is not explicitly stated that the halts were due to pauses 
in regional elevation. 

As to the cause of dripstone deposition, Lobeck recognizes both the 
evaporation of percolating water and the escape of its carbon dioxide. 
Weller mentions only evaporation: “The long continued action of ... 
solution has resulted in the formation of limestone caves. By a reversal 
of this process, caves which have already been formed, later may be 
partially or even completely filled up. . . . Two conditions are neces- 
sary ; first, the waters must find their way into a cave passage or cham- 
ber; and second, the air which slowly circulates through this passage or 
chamber must be dry. . . . The lower levels of the cave, through which 
the underground streams flow, usually contain humid air and conse- 
quently the deposition of calcium carbonate in these parts is most 
exceptional” (1927, 63, 64). 

The one-cycle theory of cavern origin above outlined is easily con- 
ceivable, but it is not well proved actually to have operated. Its un- 
qualified acceptance by the three observers just cited illustrates the 
definiteness often given to a conclusion when only one explanatory 
theory is considered, in contrast to the uncertainty that frequently re- 
mains where two or more theories are discussed. The one-cycle theory, 
or theory of corrasion and solution by vadose and water-table streams, 
will therefore be here compared, in its modified form as demanded by 
four pauses in elevation, with the two-cycle theory, or theory of ground- 
water solution, for which a continuous elevation suffices. 

The one-cycle theory imposes several peculiar conditions. First, in 
order that the network pattern of galleries in the great cavern shall 
be preserved, the slopes of the minutely slender members of an em- 
bryonic gallery network, which are later to become the main, low- 
level galleries of the system, must as has already been explained in an 
earlier section prophetically be just such as shall agree with the gradient 
desired by the water-table streams when they are there concentrated, so 
that they shall not, while enlarging the gallery embryos, degrade them 
and thereby change the immature network into a mature branchwork ; 
and this prophetic agreement must occur at each of the four pauses in 
regional elevation here postulated. Second, all the caverns in the dis- 
trict should probably have the same number of gallery-levels separated 
by essentially the same vertical intervals. Third, various physiographic 
indications of pauses in regional elevation should agree with those given 
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by gallery levels. Fourth, dome pits should be of diminishing diameter 
downward. These several demands may be examined in order, a special 
section being allotted to the dome pits. 

The strata of the Mammoth Cave district are inclined gently north- 
westward toward the valley of Green River; but it does not by any 
means follow from that simple fact that their inclination is exactly 
such as would coincide with the desired gradients of the growing streams 
in the cavern galleries. The caverns can not all be of the same drainage 
area; their streams can not all be of the same volume; they can not all 
be satisfied with the same gradients for their graded courses. Hence 
the gradients that they assume when graded can not all have agreed 
with the inclination of the strata. Some gallery networks at some 
levels in some caverns ought to have been converted into branchworks 
before they were widened 
at grade. Whether or not 
the peculiar arrangement 
of the simpler galleries of 
Mammoth Cave, shown in 
three of H. C. Hovey’s 
maps (1912), deserve to 
be called branchworks, the 
maze of passages shown in 
figure 54, reproduced from 
part of his fourth map, 
certainly can not be. This 
astonishingly intricate net- 

Figure 54.—Part of Mammoth Cave work, which occupies an 
After H. C. Hovey. area of about 4 square 
miles from 3 to 5 miles 
southeast of the cave entrance, is more complicated than the galleries 
near the entrance. It cannot be all at one level, for some passages run 
under or over others. In Hovey’s experienced opinion it “has no equal 
of its kind in the subterranean world” (1912, 71). As to the pattern of 
galleries in neighboring caverns, information is lacking, except that 
Hovey’s map of Colossal Cavern (1912, 118) shows its upper galleries 
to be split into a number of large and small loops. The two-cycle theory 
is believed to be much competent to produce a network of galleries than 
the one-cycle theory can possibly be; but before it is adopted as com- 
petent to account for the galleries of Mammoth Cave, the walls of the 
galleries should be shown by their peculiarly moduated forms to be of 
solutional origin. 
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Second, if all the caverns of the Mammoth Cave district have their 
galleries at the corresponding levels, as they should if their excavation were 
accomplished by graded, water-table streams during pauses in regional 
elevation, it is astonishing that so striking an accordance has not been 
made known. True, Weller finds that the profiles of several cavern 
galleries in the Mammoth Cave district show “somewhat definite” or 
“suggested” levels at every 50-foot altitude from 500 to 700 feet, but no 
systematically repeated accordance in all the caverns is indicated. In 
any case it seems questionable, as already noted, whether the vast number 
of underground passages in Mammoth Cave can be properly related to 
only four main levels above that of Echo River. Discordance of develop- 
ment may therefore be strongly suspected. Such discordance may be 
much more reasonably explained by the relatively free and independent 
action of solution at various underground levels according to the two- 


Figure 55.—A hanging Valley of underground Drainage 


cycle theory, than by the systematically controlled action of water-table 
streams, graded with respect to Green River, according to the one-cycle 
theory. The depth of some 300 feet or more at which the lower galleries 
would have to be excavated below the former peneplain may at first 
thought seem forbidding, but that is after all a moderate depth for the 
circulation of ground water; and the highly important time element is 
in its favor. 

Third, two groups of physiographic features, supposed to be 
developed during pauses in regional elevation, are correlated by Weller 
(29-36) with the cavern levels. These are the floors of several hanging 
branch-valleys tributary to Green River, the waters of which now descend 
through many sinkholes to underground courses in the manner illus- 
trated by the line /'M, figure 55; and various “flats” which are taken to 
represent areas of partial peneplanation. Regarding the hanging 
branch-valleys, several profiles of which are given in Weller’s figure 9, 
their floors are found to be “suggested,” “good,” or “excellent” at every 
50-foot altitude from 600 to 800 feet. What with their irregularity, 
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for many of the floors have been unevenly worn down by sinkhole de- 
velopment, it is difficult to determine to just what level of Green River 
they correspond ; and what with their slant, various supposed levels may 
be detected in different parts of their courses; the most significant level 
in the present connection would seem to be the one nearest Green River ; 
but this is not specified in Weller’s text. 

Regarding the various flats that are taken to represent areas of 
incipient peneplanation, a preparatory explanation must be made. The 
sides of Green River valley have no benches representing valley floors 
that were widened during the postulated pauses; hence each valley floor 
developed during an earlier pause must have been undercut and con- 
sumed during later pauses. It was during these postulated pauses that 
the cavern galleries, the branch valleys and the flats are supposed to have 
been developed; but as the valley of Green River gained only a sub- 


Figure 56.—Profiles of cavern Galleries and hanging Valleys, Mammoth Cave District 
Modified from Weller. 


mature or mature form at each pause, the branch valleys in the relatively 
resistant Cave limestone must have gained less mature forms, and what- 
ever flats are found hereabouts can only be local widenings of branch- 
valley floors. 

Weller writes of the flats as follows: They “are apparently pre- 
served . . . at intervals which are rather uniformly spaced 100 feet 
above each other ;” but it is added that “great care must be observed in 
the interpretation of these features . . . since certain of them may not 
represent actual peneplain levels, being simply flat surfaces developed 
on resistant formations.” It is further noted that “it is difficult, if 
not impossible, to certainly distinguish between the remnants of pene- 
plain levels and flat surfaces developed on resistant formations” (30). 
Nevertheless, certain flats are thought to be safely identified as areas 
of partial peneplanation. An important detail in such identification 1s 
that valley-side flats should be somewhat higher than valley floors near 
the streams; that the floors and flats should both be higher upstream 
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than near the trunk river; and that gallery floors in caverns several 
miles in length should vary considerably in altitude according as they 
are measured near their heads or mouths. It is difficult to say how 
much variation of altitude should be allowed to represent these 
differences. 

Figure 56 has been constructed from Weller’s figures 9 and 10; it 
gives profiles of cavern galleries on the left and of hanging valleys on 
the right, in order to show graphically what measure of accordance is 
discoverable between them. Heaps of fallen blocks are not distinguished 
from bed rock on the gallery floors; the hanging valley floors are much 
modified by sinkholes; hence there is much uncertainty as to the true 
levels of the features to be compared. Weller’s conclusion is that ac- 
cordances at 600 and 700 feet are “good” or “excellent”; but the 
diversity of levels in the profiles is so great it seems to me unsafe to assert 
that any clear accordances exist even in these best examples; all the more 
so because no mention is made of another expectable accordance, namely, 
the occurrence of the same number of galleries at corresponding levels 
in all the caverns of the district. The possibility of chance accordances 
seems large. The postulated pauses in the elevation of the region are 
therefore to be looked upon as of unproved, indeed as of unlikely oc- 
currence, and the control of cavern-gallery levels by such pauses as im- 
probable. Even if they occurred, it remains to be shown that the tangled 
maze of the Mammoth Cave galleries was produced by corrasional 
excavation during one or more of them. 

The two-cycle theory makes no special demands as to the nature of the 
regional elevation by which its formerly water-filled galleries have been 
drained of their water-filling ; it does not call for topographic indications 
of four pauses in the sculpture of the surrounding land forms to match 
the four main levels of the galleries in Mammoth Cave; and this is 
fortunate, for as far as descriptions and maps of the district are con- 
cerned such indications are extremely difficult to identify ; but it suggests 
that some corrasional modification of gallery floors previously prepared 
by ground-water solution might later be expected where floor streams are 
not too much reduced by segmentation; and such modification should 
be looked for. 


ORIGIN OF DOME PITS 


In addition to nearly level or moderately inclined galleries Mammoth 
Cave possesses several extraordinary vertical cavities of which the arched 
tops are called domes and the deep bottoms are called pits. The com- 
bined name, dome pits, is here used for them. Their explanation by 
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the four-pause modification of the one-cycle theory here under discus- 
sion does not seem possible. Their character and dimensions may be 
stated before their origin is considered. 

H. C. Hovey tells that in Annette’s Dome the “walls are fluted and 
scored . . . here and there the harder layers of limestone jut 
out. . .. The dome will be seen to widen at the bottom and to shade 
off into a conical top, after the manner of all others in the Mammoth 
eave” (1912, 38). The pit of Gorin’s Dome “broadens toward the 
bottom, after the manner of all the pits in the cave” (51). Shelby’s 
Dome rises sheer 145 feet over the floor of Bottomless Pit, “the walls 
being in most places absolutely vertical” (52). The same observer 
wrote earlier that the “lofty domes for which the Kentucky caverns are 
famous . . . cut through all tiers from the soil to the drainage level” 
(1882, 186). 

Weller describes dome pits as “roughly circular wells 15 feet or more 
in diameter with smooth vertical walls upon which cave onyx is deposited 
in many places in giant flutings. . . . In some cases they connect two 
or more cave levels” (61). Lobeck states that dome pits “correspond 
with widened joint planes, and have a vertical extent almost from the 
plateau surface to the river level. There is no doubt that these have been 
formed by water seeping through from above and finding an outlet below 
at the lowest level of the cave” (1928, 60); some pits are partly filled 
with dripstone. Lobeck’s skeleton diagram of Mammoth Cave shows 
three dome pits of enormous dimensions with nearly vertical walls; the 
frontispiece of his report is an excellent view of the fluted walls of 
Vaughn’s Dome in Colossal Cave, not far from Mammoth Cave. 

The excavation of great dome pits is a puzzling matter but it is 
particularly baffling under the one-cycle theory of cavern origin. In 
the first place, the amount of vadose water available for the task is small; 
for a surface sinkhole from which water may run down into a shaft 
usually has only a small drainage area. Moreover, as a good share of 
the surface water goes down in falls and cascades, the dome pits can 
have been dissolved out only by the reduced remainder which trickles 
down their walls. How this remainder manages to cling to the over- 
hanging walls of a dome top is one of the puzzling aspects of the 
problem. But still more puzzling is the development of a dome with 
nearly vertical walls “almost from the plateau surface to the river level” 
during the intermittent elevation of the cave region, the pauses in eleva- 
tion each having been long enough to permit the excavation of great 


galleries. 


; 


602 W. M. DAVIS—ORIGIN OF LIMESTONE CAVERNS 


The difficulty of the case may be illustrated as follows: Figure 57, A, 
shows a gallery at the highest level together with the uppermost part of 
a dome pit, simultaneously excavated. Figure 57, /, shows the same 
after a further partial elevation with the addition of a next lower 
gallery and the downward continuation of the dome pit in its second 
section; but there are two troubles regarding that continuation. In 
the first place it is not at all clear how an adequate water supply can 
have been provided for its solutional production; for while the second 
section of the pit is a mere embryo shaft, it can not receive much of the 
drip-water from the well-developed first section. In the second place 
even if it should manage to secure a good supply, it can not possibly 
gain the same diameter as that of the enlarged first section, which has 
had two epochs for growth while the lower section has had only one. 
If this process be repeated four or five times, the troubles are much 
increased. The production of vertical-walled dome pits in this way 
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seems quite impossible ; the assumption that these greatly enlarged shafts 
have clearly been produced by dewn-trickling water leads to a quandary 
when it is combined with the four-pause modification of the one-cycle 
theory here under consideration. 

Yet no very satisfactory escape from this quandary is found under 
the alternative two-cycle theory of cave origin, for the task assigned to 
ground-water solution in the production of the great dome pit as illus- 
trated in figure 58, A, /’, would seem to overtax the solvent power of 
ground water. Slow-moving ground water might easily enlarge a 
vertical joint-intersection into a pit of moderate diameter, but the actual 
dome pits of Mammoth Cave seem too large for production in that 
manner. It should be remarked, however, that vertical pits would pro- 
vide good opportunity for solutional convection, by which ground- 


: 
— 
— 
: 
q = 
4 
q 
1 


603 


EXAMPLES OF CAVERNS IN DENSE, LEVEL LIMESTONES 


water solution is thought to be effectively aided; the greater the 
vertical measure of such convection the more active it should be, for the 
same reason that a tall chimney gives better draft than a short one. It 
is possible that critical observation of the forms of pit walls may lead to 
a safer conclusion as to their origin than can be reached by indoor in- 
ferences. 

So much has been gained from Weller’s and Lobeck’s reports that it 
is with regret I am constrained to dissent from their conclusions. The 
one-cycle theory, demanding that the larger galleries of Mammoth Cave 
have been excavated chiefly by graded water-table streams during pauses 
in the elevation of the region, is far from being proved correct. But the 
alternative two-cycle theory thet the many galleries of that great cavern 
have been slowly excavated in their curiously nonstream-like patterns by 
ground-water solution during the peneplanation of the region before its 
last elevation took place, and only subordinately modified by stream 
action during and since that elevation, is also far from being proved cor- 
rect; yet it seems to be worthy of consideration in competition with 
its nonproved rival by those who are fortunate enough to study the 
problem on the underground. 

No safe conclusion can be reached until after new observations are 
made in view of not only the facts, but in view also of the consequences 
deducible from the two competing theories. Among the features that 
should then be closely scrutinized is Echo River, which according to the 
older theory must now be at work developing a new gallery level; it 
ought to be closely examined to see whether its present action appears 
to be such as to warrant the belief that all the low-level gallery thus 
far excavated is really its work; or whether it has only modified in less 
or greater degree a previously excavated gallery of ground-water solution. 

In either case, the rate of solution will be seen to have been much 
slower than that of surface degradation ; for already in the present cycle 
the erosional excavation of Green River valley in the Cave plateau has 
involved the removal by valley-side weathering and washing of a vastly 
greater volume of limestones than has been carried out of the great 
cavern. To this it may be added that the two-cycle theory of ground- 
water solution below the water table demands a much slower rate of 
excavation than the theory of vadose-water excavation above the water 
table, or than the theory of excavation by graded streams at the 
water table; for the first-named theory had all the preceding cycle of 
erosion, which reached peneplanation, for its work, while the other two 
theories have had only the earlier part of the current cycle for theirs. 
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CAVERNS IN DENSE, INCLINED LIMESTONES 
A TORRENT-CARVED MOUNTAIN CAVERN 


A cavern, known as Deutschmans Cave, has been described by Ayres 
in heavy, partly crystalline, inclined limestones near the snow line of 
the Selkirk Range in British Columbia, in the production of which solu- 
tion seems to have played but a small part. With a total passage length 
of 4,000 feet, it “has undoubtedly been formed almost entirely by water 
erosion, no part of it showing any extensive evidence of a slow dissolving 
of the rocks”. The stream which formed it bore fine grains of sand, 
which gave it “an uncommon erosive power, and enabled it to carve out 
a mammoth subterranean waterway in solid marble” (1907, 858). 
Several entrances along the strike of the limestones lead to inclined 
passages that slant down with the 30-degree dip of the beds. One of 
the passages descends 125 feet, with a height across the bedding of 
from 8 to 20 feet; another had a height of from 10 to 30 feet and a 
width of 4 to 10 feet. “The walls have been fantastically carved by the 
torrents of snow water. . . . The channel is made up of a succession of 
rounded, cistern-like cavities formed by the swirl and plunge of the 
water. The bottom of these potholes still hold the boulders of quartzite 
that have ground them” (861). In the almost total absence of drip- 
stones, some parts of the cavern have large icicles. 

This peculiar cavern is characterized by an abundance of water supply 
at a great altitude above its local baselevel; probably also by a sinall 
amount of carbon dioxide in its streams. Its lower parts appear not to 
have been explored; if they are water-filled more indications of solution 
may be found there than above. The exit of its streams is not mentioned 


in Ayres’ account. 
CAVERNS OF SIMPLE PATTERN 


A few examples of simple caverns in dense, inclined limestones may be 
given. Morganroth (1901) described a cave, toward 2,000 feet in length, 
in nearly vertical, midpaleozoic limestones, striking northeast, east of 
the great sandstone anticline of Jacks Mountain near the gap cut through 
it by Juniata River in central Pennsylvania. The cave follows a 12-foot 
subdivision of the strata; “so regularly does it preserve this width and 
so straight is it that it gives the impression of a tunnel.” The form of 
the cave floor and the height of the roof are not given. The persistent 
coincidence of this cave with a controlling series of limestone beds seems 
more accordant with the theory of ground-water solution with that of 
vadose-stream corrasion. But however this rectilinear cave was formed, 
it gives good warrant for a postulate that underlies all the discussion of 
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cavern origins in level bedded limestones in earlier sections of this 
essay; namely, that cave excavation is largely guided and controlled 
by certain beds or groups of beds, presumably more soluble than those 
adjoining them. 

The Carboniferous limestones, 300 feet in thickness, which arch in- 
completely over the broad dome of the Black Hills of South Dakota, 
contain a number of caves briefly described by Darton and Paige (1925). 
In Wind Cave, about 250 feet below the surface, “the main passageways 
[each about 1,000 feet long] and the many abrupt offsets closely follow 
the major joints of the limestone and in general trend southeastward 
down grade into a crevice into which the cave finally narrows.” The 
passageways have no loops and the floor of the exceptionally simple 
passage, a map of which is reproduced in figure 59 from a leaflet on 
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FIGURE 59.—Wind Care, Black Hills, South Dakota 
From National Parks Service. 


the Wind Cave National Park issued by the Interior Department, has a 
fairly regular descent of about 150 feet in 1,000. A conventional ex- 
planation is offered by the above-named observers: “The cave has been 
developed by solution of the rock by underground water containing 
carbonic acid gas and soil acids, which formerly flowed through crevices 
along the joint planes and gradually enlarged them into tunnels but 
which now follows other courses at deeper levels,” apparently finding an 
outlet at great springs in a valley gap 300 feet lower than the lowest 
point in the cave. On the way to the springs the water probably passes 
well below the water table, and is therefore now dissolving a deep- 
lying cave. “This cave, like others in limestone, illustrates not only 
the solvent action of water, but also the redeposition of some of the 
calcium carbonate as stalactites and other deposits on the walls,” but 
no cause for this change of behavior is suggested. 

The cave will be again referred to in a later section on crystal caves. 
We may here note that, because of the occurrence of calcite crystals on 
the walls, it may be inferred that the cave was formerly completely 
water-filled, probably at a time before regional elevation had raised the 
Black Hills to their present altitude and permitted their dissection to 
the present depth of their valleys; and from this it may be further in- 
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ferred that, while the above-quoted explanation of the cave by solution 
is presumably correct, the water that dissolved it out was not a flowing 
vadose stream, but a slowly moving body of ground water below the 
water table of its time. The sharpness of the angular turns in the main 
gallery supports this view and recalls the occurrence of even sharper 
turns in Mays Cave, Indiana, already cited. It is not stated whether 
the angles are rounded into curves near the cave floor. It must be 
remembered that, in whatever way angular caves were enlarged, their 
formation began by solution along angular joints. Under the one-cycle 
theory, solution later changed to corrasion, but without significantly 
changing the cave angles; under the two-cycle theory, the process like 
the angles remained the same. 


CAVERNS OF MORE COMPLICATED PATTERN 


Two fine caverns in the inclined limestones of the Shenandoah Valley 
in Virginia merit fuller consideration, because they exhibit certain 
features not expectable under the theory of ground-water solution and 
thus to a certain extent invalidate it. The limestones are of early 
Paleozoic date and have been at least twice peneplained, as indicated in 
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Ficure 60.—Cross-section of Shenandoah Valley, Virginia 
After Virginia Geological Survey. 


figure 60, before entering on a third cycle of erosion in which they are 
now submaturely dissected. It might be expected that, under such con- 
ditions, solution caverns would according to the two-cycle theory be 
chiefly developed along the more soluble layers of the inclined limestones ; 
and that the expanded chambers on those lavers would be inclined with 
them and connected by cross-passages at various levels through the less 
soluble layers; but this does not appear to be the case. The larger 
chambers are developed at consistent levels, which cross the inclined 
layers at strong angles and suggest a control of solution by the former 
water-table, which was itself controlled by the local baselevel apparently 
according to the one-cycle theory. Here, therefore, the two-cycle theory 
meets with a difficulty which it has not previously encountered and 
which must be carefully examined. 
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Luray Cavern is in the valley of the South Fork of Shenandoah 
River, between the Blue Ridge and the Massanutten syncline, where the 
Great Appalachian Valley is locally divided into two parts by that canoe 
mountain. H.C. Hovey’s account of the cavern includes the statement : 
“We satisfied ourselves of the existence of four distinct levels or cave- 
floors. . . . The vertical distance from the highest gallery to the lowest 
pit is about 220 feet, the lowest point below the surface being but 260 
feet” (1882, 186). The same observer gives a map (163) of the upper 
cavern which alone is ordinarily visited; it shows an elaborate network 
of passages and chambers utterly unlike a stream-eroded branchwork 
and highly suggestive of solutional excavation, except in being developed 
at a fairly uniform level. How closely the three lower levels are parallel 
to the upper one, it is at present impossible to say; but if they are 
parallel, that would indicate a control by a local stream baselevel during 
successive pauses in the elevation of the region, very much as Weller has 
suggested for the galleries of Mammoth Cave. Hovey also recorded that 
“the outlet of the subterranean stream [by which he assumed the cavern 
was excavated] became obstructed, and the pent-ug waters were accu- 
mulated till the entire cavern was filled from the lowest pit to the 
loftiest gallery—a fact proved by the earthy deposits amid the highest 
clusters of stalactites, as well as by the uniform erosion [corrosion ?] 
of dripstone” (175). “There is every indication that when the flood 
left the cave it did so with violence, tearing down loosened rocks, hurling 
stalactites to the ground, and felling huge columns like trees in a 
tornado’s path” (176). 

An account of Endless Cavern, which lies in the valley of the North 
Fork of the Shenandoah, across Massanutten Mountain from Luray, has 
been prepared by Reeds, who presents a discussion of the several cycles 
of erosion involved in the preparation of the surface topography with 
his description of the cavern (1925). He concludes that carbonated 
surface water descends by bedding and joint planes and “on reaching 
the ground water table, which may be a hundred feet or more below the 
surface, the water flows laterally along horizontal courses in directions 
that simulate the surface drainage, but the underground channels are 
not so well defined nor are they as regular as those above ground. 

. Underground passageways are dissolved out of the natural rock 
forming caverns. As the main drainage streams on the surface cut 
their channels [valleys] deeper into the landscape, the underground 
streams do likewise; but they never cut below the master out-door 
stream, for the cave waters flow eventually into the principal rivers of 
the region” (1925, 10). At first when the vadose waters are moving 
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through narrow joints they excavate by solution; but later, when the 
joints are more opened, they work by corrasion as well as by solu- 
tion (30). 

The statement made on an earlier page, based on King’s researches 
(1899), that in an early stage of an erosion cycle, descending vadose 
water does not turn to a lateral movement on reaching the water table 
but continues its downward movement, should be here recalled. Only in a 
later stage, after nearly level passages close to the water table have been 
well opened, will lateral movements be dominant. It is the opening of 
the nearly level passages, probably guided by joints transverse to the 
bedding, that here needs explanation. Reeds goes on to explain that 
when regional elevation caused the Shenandoah to increase the depth 
of its valley below the latest peneplain, and a new cave was formed at 
a lower level than that of the first-formed cave, the latter lost its streams 
and dripstones began to form in it because the upper galleries “are 
nearest the surface and close to the supply of carbonated waters. The 
lower levels of the system of caves are generally destitute of them, the 
percolating water having found its way only into the upper cham- 
bers” (34). 

A map and a profile of Endless Cavern are given in a later paper by 
Reeds (1928, 137), from which it is seen that in the first 500 feet from 
the entrance a descent of about 80 feet is made; and precisely here, 
where running water would: have corraded most actively, the cavern 
passages are most elaborately looped; then for a further distance of 
1,200 feet, a single passage is nearly level, but it expands into many 
chambers, some of which follow the strike of the tilted limestones. The 
cave is dry, but an underground river of difficult exploration lies about 
40 feet lower. Neither the end of the upper cavern nor of the lower 
river has been reached. 

It thus appears that along the longer and nearly level course of the 
cavern, where initial solutional embryonic passages might retain their 
network while they were widened, no network is present, although 
a few split passages occur around residual rock masses of small 
diameter; and on the other hand that just where the galleries have a 
considerable slant on which corrasion by free surface streams would 
destroy an embryonic network while enlarging its main members to 
mature size, there a network persists. Such a network is highly sug- 
gestive.of origin by ground-water solution; but the longer nearly level 
gallery with its widened chambers, transecting the inclined strata, seems 
beyond explanation by that process. 

The case is different from that of caverns developed in nearly level 


3 
: 
4 
— 


CAVERNS IN DENSE, INCLINED LIMESTONES 609 


strata by vadose-water corrasion, in which the fortunate selection of a 
low-lying embryo network for stream concentration close to local base- 
level may permit the maintenance of the network while the galleries are 
enlarged to mature size; for it is not conceivable that a level embryo 
network can have been formed by deep-lying ground water in inclined 
strata. An embryo network with many oblique ups and downs might 
be formed on bedding planes and on crosswise joint planes; but unless 
the attitude of the network was in some way controlled, as by a thrust 
plane or a local baselevel, the resulting cavern could not be given a 
fairly even floor like that of the upper level of Luray Cavern or of the 
longer part of Endless. The only approach to a working hypothesis for 
the explanation of the latter cavern that I have been able to frame is 
that, in spite of the several cycles of erosion its district has experienced, 
it is a one-cycle cavern, formed while the Shenandoah was excavating 
its present valley, and that a concentrated vadose or water-table stream 
has already reduced the longer part of a single main passage to grade 
with respect to a former level of the Shenandoah, but has left the head- 
water parts with their initial network pattern. This hypothesis is by no 
means satisfactory, partly because it disregards the probability of cave 
formation by ground-water solution before the valley-floor peneplain 
was elevated to its present altitude; partly because it does not apply 
also to Luray Cavern, where the upper level is a tangled network of 
passages and chambers instead of chiefly a single passage. 

Reeds finds support for the excavation of Endless Cavern by stream 
work, both solutional and corrasional, not only in the presence of many 
abandoned stream channels in the now dry floor of the cavern, but also 
in the occurrence of ‘ 
smoothly rounded passage 
walls, of “rough, irregular 
pendant masses on the ceil- 
ing . . . etched by the acid- 
ulated waters out of the vir- 
gin rock” (11), of “pen- 
dant formations .. . carved 
out of the natural rock and 
left suspended from the ceil- 
ing” (13), and of curiously Ficure 61.—Part of Roof of Endless 
mammilated forms of low re- Cavern, Virginia 
lief etched out in the roof by ee 
“the acidulated waters which coursed through the underground passage- 
ways . . . in past ages” (15). A number of these singular forms are 
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well illustrated in his plates (1925, 11, 12, 13, 15, 29; 1928, 132, 138, 
140) ; two of the forms are here reproduced in simple outline in figures 
61, 62, the cave roof in each figure having a breadth of 8 or 10 feet. But 
the conclusion that these 
forms have been produced 
by running water ought to 
be debated with its rival 
that they have been dis- 
solved out by nearly sta- 
tionary ground water when 
the cavern was water-filled 
below the water table, as 
has been already suggested 


Ficure 62.—Part of Roof of Endless for the similar roof forms 
Cavern, Virginia 
After Reeds. of Fergusons Cave, shown 


in Plate 7. Certainly these 
forms have not the linear flutings that might be expected from running 
water solution; but whether they have the forms expectable from stand- 
ing-water solution we can not say because such forms have not been 
studied. A chief reason for calling attention to this minor matter here 
is to urge that the study which it needs should be given to it by those 
who have the opportunity of exploring caverns. Where cave roofs, walls 
and floors are not obscured by dripstones, they should be scrutinized in 
the endeavor to determine whether they owe their form to corrasion, 
solution, or fracture. 

Dr. P. H. King reports to me that Colossal Cave in the deformed 
limestones of the Rincon Mountains, 20 miles southeast of Tucson, 
Arizona, has curious pendants and salients of solid limestone, not drip- 
stone, on its roof and walls, suggestive of excavation by solution in a 
water-filling. 

One of the few examples of caverns ascribed to fracture has been 
reported by Claypole (1885) in the closely folded limestones of Perry 
County, central Pennsylvania. He briefly states that a certain “frac- 
ture has formed several caverns of considerable size and depth,” which 
contain much dripstone; but he gives no adequate reason for excluding 
water action from having taken a large part in the excavation of the 
caverns along the fracture. 

Thirty-one caverns of more or less complicated pattern in the deformed 
limestones of Pennsylvania, eleven of which are “open for business,” 
have lately been described in some detail by R. W. Stone (1930), who 
ascribes them all chiefly to solution by running water near the water 
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table, and explains the nearly level galleries in tilted beds by water-table 
control. The passages in many of them appear to follow the strike of 
the strata. Dripstone deposition is ascribed to evaporation, after the 
cave-making waters have been withdrawn by a lowering of the water table. 

The limestones of the great Appalachian Valley in southeastern Penn- 
sylvania were earlier described by d’Invilliers (1883, 139), as fretted 
with sinkholes and occupied by many and large caverns, some of which 
have lost their roofs, thus exposing their floors covered with residual clays. 

As noted at the beginning of this section, the caverns here treated 
are of particular importance because they do not support the main 
thesis of this essay as to the solutional excavation of caverns by ground 
water below the water table in the first epoch of their history; and 
therefore, instead of here finding confirmation of our two-cycle theory, 
we find contradiction. Although uncertainty regarding the validity of 
an explanatory theory is not mentally restful, it is scientificaliy salu- 
tory; hence inasmuch as cavern levels in dense inclined limestones re- 
main for the present beyond explanation by the theory of ground-water 
solution an open mind should be maintained also regarding its applica- 
tion to caverns in dense, level-bedded limestones where it has seemed 
so successful. Nevertheless, the success of the theory in explaining the 
prevalent network of cavern galleries and chambers in level-bedded 
limestones warrants its further consideration in inclined limestones 
also, in spite of the difficulty it there meets. 


THE FoRMATION OF DRIPSTONES 


VARIOUS SUGGESTIONS AS TO DRIPSTONE FORMATION 


It was pointed out at the beginning of this essay that the formation 
of dripstones, by which large caverns are more or less replenished, marks 
a later epoch in cavern history following an earlier epoch of excavation, 
and it has been to the excavatory processes of the earlier epoch that 
nearly all the foregoing pages have been devoted. Mention of dripstone 
deposits has, however, already been briefly made several times; first, in 
the account of Bermuda caverns; second, in the theoretical discussion of 
small, high-level, one-cycle galleries; third, in connection with certain 
actual, low-lying caverns of supposed solutional origin in Indiana, from 
which a water-filling is believed to have been withdrawn and replaced by 
ground air in consequence of the gradual lowering of the water table 
in a late stage of an erosion cycle; fourth, in connection with the 
theoretical withdrawal of their water-filling from solutional caverns 
and its replacement by ground air in consequence of regional elevation ; 
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and later, in abstracts of Matson’s account of certain small caves in the 
Blue-Grass region of Kentucky, of Weller’s report on Mammoth Cave, 
of Reeds’ description of Luray Cavern and of Stone’s account of Penn- 
sylvania caves. 

In the course of these allusions the opinion has gained ground that 
evaporation of percolating water is as important a cause of dripstone 
formation as the escape of carbon dioxide, and that opinion will now be 
further examined. It may be noted as a preliminary that the main 
thesis of this essay above referred to, namely, that the history of large 
caverns is divisible into two epochs, one of solutional excavation, the 
other of depositional replenishment, seems to be in the main well sup- 
ported by various facts already set forth. It is perfectly true that, as 
some observers have noted, dripstone deposition may be going on in one 
part of a cavern while excavation, either by corrasion or by solution, is 
going on in another; but taken by and large, the excavation of great 
caverns, like Mammoth, Wyandotte, Luray, Endless, and Carlsbad, must 
have been essentially completed, except for roof falls, before their re- 
plenishment began. 

A reasonable cause for the change of process must be sought for; and 
it appears to be found, for a good number of large, two-cycle caverns 
at least, in the withdrawal of the water-filling which is supposed to have 
been present while their solutional excavation was in progress; the with- 
drawal having been brought about either by the gradual lowering of 
the water table as a result of continued valley-deepening in a late stage 
of an erosion cycle, or by regional elevation at the initiation of a new 
cycle. Marengo and Wyandotte appear to be examples of caverns from 
which a former water-filling has been withdrawn by the first-named 
process; while Mammoth and its neighbors may be examples of water- 
withdrawal by the second process; and in both cases the change from a 
water-filling to an air-filling naturally brought about a change from solu- 
tion to deposition. To these major causes which operate in two-cycle cav- 
erns must be added the minor cause that is provided by the withdrawal of 
streamlets from high-level galleries as they are concentrated in the low- 
level galleries of a one-cycle cavern, but with the understanding that 
dripstones thus formed will occupy small galleries only, and that ex- 
amples of them may be difficult to study because of the small size of high- 
level galleries. If it be objected that too much recognition is here given 
to large, two-cycle caverns of ground-water solution, to the neglect of 
large, one-cycle caverns of vadose-water corrasion, it may be answered 
that the possible production of such one-cycle caverns is fully recognized, 
and that only regret is felt on not finding good examples of them. 
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ESCAPE OF CARBON DIOXIDE AND EVAPORATION OF WATER 


The question remains as to the relative importance of the escape of 
carbon dioxide from percolating water as compared to the evaporation 
of the water as a cause of dripstone deposition; and this brings up the 
whole question of the part played by carbon dioxide in the excavation 
as well as in the replenishment of limestone caverns. It may be here 
recalled that no direct record has been found to prove the usual presence 
of carbon dioxide in percolating cavern waters by the collection and 
analysis of such waters; and to this it may be added that, while at least 
one observer has thought it essential that a region in which caverns are 
excavated should be forest-clad, apparently in order to provide its vadose 
water with a good charge of carbon dioxide, the great Carlsbad Cavern 
has been excavated in an arid, treeless region, where the soil is so thin 
that the carbon-dioxide supply for insoaking rain water can not have 
been large. It should further be understood that appeal to the aid 
given by carbon dioxide to the solvent action of subsurface water has 
been made by many geologists who have regarded cavern excavation as a 
relatively rapid, one-cycle process in spite of the probability that corra- 
sion may largely replace solution in such excavation. It has, moreover, 
been pointed out above that much surface water which descends through 
sinkholes into underground passages after heavy rains has had little 
opportunity of becoming carbonated during its descent; also that part 
of the solutional excavation of two-cycle caverns is probably accomplished 
by little-carbonated water. It would thus seem that the presence of 
carbon dioxide in subsurface water may be less important in the excava- 
tion of caverns that has generally been believed, just as its escape may 
be less important than is often supposed in the deposition of dripstones. 

The chief opportunity for the escape of carbon dioxide to cause drip- 
stone deposits would seem to be in shallow caverns where surface water, 
percolating slowly through the soil instead of running rapidly down 
through sinkholes, first enters an underground cavity, especially if such 
a cavity, being underlaid by a lower cavity in which a stream is con- 
centrated, is dry. Several authors, including Shaler, Blatchley, Weller, 
and Reeds, seem to be of this opinion. Such water would absorb carbon 
dioxide from the soil, dissolve limestone below the soil, and give it up 
when the carbon dioxide escaped in the first cavity that the water entered. 

But there appear to be certain cavernous galleries lying at small or 
moderate depth below the surface in which the occurrence of running 
streams is associated with the presence of humid ground air and the 
absence of dripstone deposits; and this must mean either that no perco- 
lating water enters them, or that such water, on entering, either has no 
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calcite to deposit or has already lost its carbon dioxide and deposited 
nearly all of its calcite in unknown higher cavities. Such would seem 
to have been the case with Wyandotte and Marengo caves while they 
were followed by running streams; for in the opinion of their best ob- 
servers, dripstone deposition did not begin in them until the streams 
were withdrawn to lower galleries. Again in the case of Mammoth 
Cave, the presence of dripstones in all but the lower levels would sug- 
gest that they would be formed wherever percolating water could evapo- 
rate; and that they are absent from the lower, river-followed gallery 
because of its dampness. But it is possible that percolating water is 
scarce there also. No decision is here attempted as to this secondary 
aspect of the dripstone problem; emphasis is given only to the primary 
aspect ; that is, to the reasonable causes which are provided under the two- 
cycle theory, by the two methods of replacing the water-filling of caverns 
with an air-filling, for the change from cavern excavation to cavern re- 
plenishment. 
RATE OF DRIPSTONE DEPOSITION 

Various measures or estimates have been made of the rate of dripstone 
deposition, apparently in the hope of discovering the age of the cavern 
in which the deposits occur. Farrington cites calculations which give 
from 90,000 to 600,000 years for the growth of certain stalagmites (1901, 
254), but recognizes that they are not trustworthy. The rates thus 
determined differ greatly; and it is quite natural that they should, for 
the conditions of deposition must vary enormously, not only from place 
to place but from time to time also. Hence it is not safe to calculate 
the age of a cavern’s existence by dividing the length of its stalactites 
by their annual growth; and even if such a calculation were trust- 
worthy, it would give only a measure of the time since dripstone deposi- 
tion began, but by no means the true age of the cavern from the time 
when its excavation was initiated. 


RIMSTONE BASINS 


Certain caverns contain water-holding basins enclosed by level-edged 
rimstones, like those formed by cascading surface streams and described 
in an earlier section entitled “Travertine Deposits.” An excellent 
description of such basins, found in Bunkum Cave, Pickett County, 
central Tennessee, has been given by Bailey (1918, 118). The main 
gallery of the cave is a mile long; a large stream follows its entire length 
and forks several times. “The east fork of this cave contains a remark- 
able series of water-formed calcite terraces that extend for over a 
hundred yards in length while the vertical distance from the top to the 
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bottom of the series is about 40 feet. Each terrace averages about 8 
inches in height and forms a series of arcs or semi-circles that are them- 
selves indented into smaller arcs in a peculiar manner. The top of 
each step or terrace is a shallow basin filled with the clearest and stillest 
water imaginable. The rims of these pools vary from an eighth of an inch 
to a foot in thickness and have been built up by the water which trickles 
over them in a thin sheet. Some of the pools in the basin-like depres- 
sions on the top of the terrace are 4 feet deep and the water is so clear 
that they seem empty.” Basins of apparently similar origin in Luray 
Cavern, Virginia, have been noted by H. C. Hovey, who observed “a 
series of six or seven ruffled terraces, each being a receptacle for the 
overflow from the one above it” (1882, 181); Reeds mentions similar 
round-fronted basins, called “lily pads,’ in the neighboring Endless 
Cavern (1925, 36). Lobeck briefly notes a fine display of rimstone 
basins at the far end of Whites Cave near the Mammoth Cave (1928, 
53). Lee described and figured a group of similar basins in Carlsbad 
Cavern; many of them are at one level as if marking a former water- 
stand; some of them are now fed by the drips from stalactites (1925c, 
310). 
CrystTaL CAVERNS 


CAVERNS LINED WITH CALCITE CRYSTALS 


The walls of certain limestone caverns are more or less completely 
lined with crystals of calcite, which are thought to have been deposited 
from a calcite-saturated water-filling when the caverns stood below the 
water table of their district. Missouri contains a considerable number 
of caverns thus ornamented ; one of them long ago described by Crosby 
has already been noted as having a complicated network of passages ; 
he recorded that “the walls of the cave are studded with water-worn 
crystals of calc spar . . . rusty looking nodules” (1871). Much larger 
and better preserved calcite crystals have been found in Crystal Cave, 
near Joplin, southwest Missouri. Winslow wrote: “The entire surface 
of the cave, top, sides and bottom, is lined with calcite crystals, so 
closely packed together as to form a continuous sheet, and most of them 
of great size, and with well-formed faces. ... The entire absence of 
anything like stalactites is noticeable, and, together with the presence 
of the crystals, shows that the cave was completely filled with water 
during their formation” (1894, 566). Bain gives some additional de- 
tails. The cave is in nearly level limestones and is from 10 to 25 feet 
wide, 20 to 40 feet high and 225 feet long. “It lies below the normal 
water level and was discovered only after that level had been lowered by 
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pumping [in mining work]. The cave is entirely lined with crystals 
of calcite of predominant scalenohedral form and of unusual size; single 
erystals 22 inches long are found. The cave is in truth an immense 
geode. Such caves are not uncommon in the region. . . . Smaller 
[crystal] caves are widespread [thereabouts]. ... In general, large 
underground caves are found only where the rocks stand high above the 
controlling water level, and where there is as a result a free circulation 
downward. In this region there is no evidence that such conditions 
ever obtained, and we must conclude that in broken and soluble rocks 
solution may become so important below the water table as to produce 
openings of considerable extent. In none of the caves examined were 
there any stalactites . . . such as are so closely associated with caves 
found above water level. . . . It is impossible to suppose that crystals 
of calcite so large and perfect as those that occur here were formed 
except under water” (1901, 109, 110). Bain suggests “the mingling of 
different solutions” (104) as a cause for the deposition of various 
crystalline deposits in the Missouri caves. 

Van Hise also referred to these crystal caves; he noted that “in conse- 
quence of extensive pumping operations, the level of ground water has 
been lowered from a few meters to 45 to 60 meters.” The “caves are 
lined with crystals of calcite. The faces are perfectly clear. It is almost 
certain that the crystals continued to grow until the level of ground 
water passed below them” (1904, 157). 

According to Smith and Siebenthal (1907) many crystal-lined caves 
are known in the Subcarboniferous limestones of the Joplin lead district 
in southwestern Missouri. The calcite occurs “in crystals or crystal 
aggregates lining cavities” in association with galena and other minerals. 
“The crystals vary greatly in size, ranging from minute forms to those 
3 feet or more in length” (1907, 13). In a discussion of the genesis 
of the lead ores, mention is made of “descending, laterally moving, 
ascending waters” under hydrostatic pressure, in which various chemical 
reactions took place, including the liberation of carbon dioxide. “With 
continuous limestone solution consequent upon this, the waters would 
become practically saturated with calcium salt, resulting finally in the 
precipitation of the calcite” (18). It is clearly implied that the caves 
gained their crystal lining while they were water-filled, as some of them 
are still. A personal letter from Dr. W. S. T. Smith tells of an excep- 
tionally large cavern, 100 feet across and about 5 feet high, in the 
Joplin lead district which was floored with very large calcite crystals, 
between 3 and 4 feet in length; he ascribes this cavern as well as several 
others thereabouts to the settling of underlying ore deposits. This is 
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DRIPSTONES ON CALCITE CRYSTALS, CRYSTAL CAVE, BLACK HILLS, 
SOUTH DAKOTA 
Photograph received from N. H. Darton 
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therefore the second mention to be made of the deformational origin of 
caverns, the possibility of which was briefly noted in an introductory 
paragraph. The crystals from these caves have been described by Far- 
rington (1900). 

Reference has already been made to the description of Wind Cave 
in the Black Hills by Darton and Paige as an example of the adoption 
of vadose solution as the cause of cave excavation. The description may 
now be again referred to as that cave contains not only dripstones but 
also “superb groups and incrustations of beautiful crystals of calcite” 
(1925), which are in part covered with dripstone. Two other caves in 
the Black Hills, Jewel and Crystal, are also noted as being partly crystal- 
lined. A photograph taken in the latter cave and sent to me by Mr. 
Darton shows dripstone pendants on calcite crystals, as in Plate 8. 

An earlier account of these caves by E. O. Hovey (1904) gives a fuller 
description of their ornamentation. In Crystal Cave “the stalactites 
are small but numerous, and look very pretty as they hang from the 
ends of crystals. Evidently they are subsequent to the crystals in forma- 
tion.” Both Wind and Crystal caves “are lined almost completely with 
a coating of calcite, which in the Wind cave takes the form of botryoidal 
crystalline aggregates, while in the Crystal cave the lining consists of 
small crystals of dogtooth spar crowded closely together. It seems 
probable that in both caves the lining is the result of deposition from 
highly charged calcareous waters, which filled the caverns after their 
excavation, the circulation or exchange of water being so slow or gradual 
as nat to interfere with the uniform deposition of calcite on floor, walls 
and ceiling of the rooms. Subsequently the caves were rapidly drained 
of the water.” Here the assumption that the caves were not excavated by 
ground-water solution necessitates the further assumption that they 
were in some way water-filled after their excavation; but no reason for 
either the filling or its supposedly rapid withdrawal is presented. The 
explicit statement that the dripstones are evidently of later formation 
than the crystals is of much significance, and it perhaps argues against 
the caverns having been filled with ground air before they were filled 
for a time with ground water. 

Owen reports that one room in this cave has a “sloping floor almost 
covered with stalagmitic growths above the earlier deposit of sharp 
crystals” (1898, 188). In another part of the same cave, “every inch 
of exposed surface is covered with clear, translucent, almost transparent, 
calcite crystals . . . very sharp and of all sizes” up to 3% inches. The 
cave is “an enormously large, perfectly formed, and undamaged geode” 
(194). The so-called Grotto is lined with exceptionally fine crystals on 
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which roof and floor dripstones have been formed; the crystals are so 
sharp that one’s hands and arms may be cut by them (205). 

Weller’s report in which the Mammoth Cave district of Kentucky is 
described contains the following statement: “Crystallized calcite in 
the form known as dogtooth spar occurs in Great Crystal cave. The 
crystals have grown as closely set elongated pyramids an inch or so in 
length from whose sides smaller crystals project in all directions. . . . 
Without doubt they crystallized from solution in pockets in the limestone 
which were continually filled with clear waters somewhat supersaturated 
with calcium carbonate” (1927, 72). The mention of “pockets in the 
limestone” suggests that local pools instead of a large cave-filling body 
of water sufficed for the formation of these crystals. Two similar ex- 
amples are known in Virginia; H. C. Hovey recorded the occurrence 
of “fernlike calcite crystals, white and clear,” in rimstone basins in 
Luray Cavern (1882, 181). Reeds states that Diamond Lake in Endless 
Cavern has calcite crystals along its margin; he attributes this to 
seasonal fluctuations of carbonated water (1925, 35). Blatchley reported 
basin-margin crystals in a crescentic room at the end of Coons (or 
Coans) Cave, Indiana; “for two or three feet above the water line the 
walls of this room are covered with small but most beautiful crystals of 
calcite” (1897, 131). These crystals have been described by Farrington 
(1901, 265). 

A number of crystal caves have been discovered during the working 
of the extensive copper mines at Bisbee in the arid mountains of south- 
eastern Arizona. An account of them has been supplied by Mr. J. B. 
Tenney, who was for a number of years resident there as chief geologist 
to the Phelps Dodge Corporation, Copper Queen branch. The caves 
occur in a slanting series following an inclined body of ore-bearing 
limestones, and are thought to be due in part to ore-shrinkage, this 
being a third mention of a deformational cavity. Down to a depth 
of about 1,000 feet the caves were dry; below that depth they were 
water-filled, but the water has been pumped out 1,200 feet lower, to a 
total vertical depth of about 2,200 feet. It is noteworthy that the 
limestones are so dense that shafts and galleries driven into them well 
below the water table are dry, except where a fissure is encountered. The 
relation of the copper ores and the caves to the rock structures indicates 
that the caves are not of recent but probably of early Tertiary origin, 
and hence of earlier date than the latest uplift of the mountain mass 
in which they occur. All the caves have more or less abundant calcite 
crystals up to an inch or more in length on their walls, and this suggests 
that all have been water-filled since they attained their full size. But 


; 
he 
: 4 
; 
a 


CRYSTAL CAVERNS 619 


the water-filling has been naturally withdrawn from the upper caves, 
presumably in consequence of the uplift of the mountain mass and its 
resulting dissection. These dry caves contain dripstones of later date 
than the calcite crystals which they cover, and in greater quantity at 
higher than at lower levels. No dripstones are found in the lower caves 
which were water-filled when mining operations began. This clearly 
indicates that dripstone formation did not take place until the ground- 
water filling of the caves had been replaced with ground air as the 
water table was lowered. 


ORE-BEARING CAVERNS 


The crystal caverns above mentioned led me to make an examination 
of accounts of the cavities in ancient limestones of the upper Mississippi 
Valley which contain sulphide ores of lead and zinc. The cavities 
usually have the form of vertical crevices and in Wisconsin were formed 
according to Chamberlin (1882) by enlargement of joints and fissures 
by water action in the heavy Galena (magnesian) limestone which 
lies nearly horizontal and is about 250 feet thick; but flat-lying cavities 
of moderate extent, known as “cave openings,” also occur on bedding 
planes. They are all more or less completely lined with crystalline 
deposits of galenite, sphalerite, calcite, and other minerals, which are 
so intimately associated that they must have been deposited simultane- 
ously (391). Greater caves, which are not uncommon, “were formed 
subsequently to the deposition of the ore, and . . . must be sharply 
distinguished from the few cases in which the strata were eaten into 
caves and tunnels [cave openings] beforehand offering their walls for 
the attachment of the ores” (467), but no good accounts of the “greater 
caves” have been found. 

Whitney had previously (1862, 244) described a geodelike cavity in Wis- 
consin, three or four ‘feet in diameter, “studded with large crystals of 
galena, firmly attached to the walls. One of these single crystals was 
seven inches in length across its face, and weighed between sixty and 
seventy pounds.” Chamberlin described (1882, 467) a somewhat larger 
geodic cavity “incrusted with pyrite studded with black crystals of blende.” 
In both cases ground-water solution would appear to have changed to 
deposition, possibly because of changes in temperature consequent upon 
surface degradation. 

Among the most remarkable caves presumably of later origin is 
one in West Dubuque, Iowa, where the horizontal limestone is, ac- 
cording to Calvin and Bain (1900, 515), “so cut up by open labyrinthine 
passages below ground and so full of water that it is known as the 
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McPoland pond.” Whether this cave was excavated by ground-water 
solution and whether it has been persistently water-filled since then can 
not be safely asserted from the above brief statement of the case. The 
authors state that some caves have been found “lined with great crystals 
of glittering galena.” Leonard, describing the lead and zinc deposits of 
the same State (1897, 37), says that they occupy “crevices” which follow 
master joints, either singly or in parallel sets, in a nearly straight course 
for a mile or more. Adjacent crevices are connected by “cross fissures.” 
The crevices sometimes have a height of 40 feet; they are close fitting in 
some layers, but are opened as much as 20 or 40 feet on others, as if by 
solution. 

Ore-bearing “crevices” occasionally of cavernous size in the level 
limestones of northwestern Illinois are described by Bain (1905). They 
are believed to have been opened along vertical joints by “the dissolving 
action of underground water,” ordinarily to widths of from one to 4 feet 
and to heights of from 4 to 6 feet; but they are sometimes enlarged to 
chambers 25 or 30 feet wide, 30 or 40 feet high and 500 feet long. 
Their walls are firm dolomite; a wail shown in one of Bain’s photographs 
(Plate V. B) is partly of angular, partly of rounded form. Galena occurs 
in crystals on the rock faces. 

Where lead and zine ores have been extensively mined, the plans of 
the underground workings in southwest Missouri as shown in Winslow’s 
report (1894, 552, 557, 565, 570, 589), and in northeast Oklahoma as 
shown on an undated map by Siebenthal, published by the United States 
Geological Survey, are frequently looped; and where not looped but 
branched, the branches have little resemblance to those of a stream 
system. Hence insofar as these mine workings reveal the pattern of the 
limestone caverns in which the ore-bodies were deposited, presumably 
while the caverns were water-filled, excavation by ground-water solution 
is strongly suggested. 

A recent study by Emmons of the distribution of the sulphide ores 
above referred to has led him to the conclusion that the crevices were 
excavated and the ores deposited “about the time of the Appalachian 
revolution” (1929, 270); and from this it may be inferred, in view of 
the considerable degradation that the region has suffered in Mesozoic 
and Tertiary time, that the ore-bearing crevices were produced rather 
deep below the surface of their era, and hence by ground-water solu- 
tion well below the water table. The same author concludes that the 
structural relations of the ores supports the hypothesis that they “have 
been deposited by thermal water rising from a deep-seated igneous mass 
of which the basic and acidic [intrusive] rocks of the region are upward 
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extensions” (271). This seems to indicate, first, that ascending juvenile 
waters, to which brief allusion was made on an early page of this essay, 
may here have had much influence on the solutional excavation of the 
caves, while they were at such a depth below the water table that the 
carbon dioxide in the ascending water could not escape; second, that 
when certain chemical reactions took place or when degradation of the 
surface had sufficiently lessened the hydrostatic pressure at the cave 
levels, the dissolved calcite and other minerals were deposited in crystals 
on the cave walls; third, that even calcite, which has not a reputation for 
permanence with us dwellers amid the vicissitudes of the earth’s surface, 
may have long remained unchanged in its crystalline form within the 
quiet caves below the earth’s surface: but that it could have endured 
unchanged from Permian time till now is, indeed, difficult to believe. 
How far the ancient date of cave origin and ore deposition thus sug- 
gested by Emmons is accepted by others is not known. 

The most explicit statement of the part played by juvenile waters 
in the formation of caverns that we have come upon has been made 
by Walker in his discussion of ore deposition in preexistent limestone 
caves, based chiefly on his observations in the arid Tintic mining dis- 
trict of southwestern Utah. He argues that hot springs in districts of 
recent or current volcanic activity are fed by “juvenile waters of direct 
magmatic derivation. . .. If their upward pathway led into or 
through limestone strata, the heated waters . . . would at once... . 
commence to corrode actively the limestone walls of the passageway, 
forming an irregular tubular conduit or cave. . . . At places where 
the walls or roof were weak much larger openings would be pro- 
duced. . . . The attitude of the tubular caves formed by ascending 
hot waters . . . varies from vertical to nearly horizontal. . . . The 
caves produced in limestone by hot ascending waters of deep origin 
differ from those formed in the same medium by descending cold surface 
waters chiefly as to profile, which is downward from the head toward 
the mouth in the caves formed by descending surface waters, but in the 
contrary direction for hot-water caves, although for long distances the 
latter may be nearly horizontal. Surface-water caves commonly tend 
to increase in average cross-section and also in complexity from the 
head towards the mouth, while hot-water caves tend to remain about 
constant or to decrease somewhat in average cross-section towards the 
mouth. The roof and walls of surface-water caves are covered to some 
extent with calcite in the well known mammillary and stalactitic forms, 
whereas in hot-water caves calcite incrustations probably always take a 
crystalline shape, as rhombohedrons or scalenohedrons” (1928, 8-11). 
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Several remarkable instances of ore-filled caves are next given from 
the Tintic district, where they are known as “ore channels.” They are 
regarded as having been formed partly by cold descending, partly by hot 
ascending currents. Their “general shape is that of a slender cylinder 
or pipe. They range in diameter from a few feet to over 100 feet and 
attain lengths ranging up to 2 miles. . . . The major part of the course 

. . is nearly horizontal or is gently inclined” (23). They occur in a 
great mountainous syncline of Ordovician and Mississippian limestones ; 
and by reason of having been filled with silver, lead and zinc ores, the 
channels have been extensively mined and their pattern has thus been 
well ascertained: several of them are illustrated in somewhat detailed 
figures. They exhibit a great irregularity and complexity of branching 
and looping forms both in plan and in profile, ranging from near the 
surface to a depth of 2,000 feet. They “lie above the present ground- 
water level . . . owing to the elevation of the Tintic range by post- 
mineral faulting” (34). “Small caves . . . studded with dogtooth 
spar,occur . . . alongside and above the channels . . . and are 
probably of contemporaneous origin” (35). Besides the ore-filled caves 
“there are numerous postmineral caves in the Tintic district, occurring 
both above and below the channels” (34) ; their pattern is not stated. 

In view of the tangled complexity of the ore channels, all of them, 
even those of descending profiles, would seem to be better explained by 
solution below the water table than by vadose-water solution or corrasion 
at or above it. As a medium for such solution it seems reasonably 
possible to combine descending surface waters with ascending juvenile 
waters, rather than to hold them apart in their cave-producing action ; 
all the more so in view of the occurrence of ore deposits, believed to be 
brought from below by rising juvenile waters, in those parts of the 
tangled caverns which are attributed to solution by descending surface 


waters. 
ORIGIN OF CAVE-LINING CALCITE CRYSTALS 


All crystal-lined caves demand a two-epoch reversal of process; first, 
an epoch of solutional excavation, and second, an epoch of crystalline 
deposition. But unlike dripstone caves which must be occupied by 
ground air in their second epoch after having been, as is here supposed, 
water-filled in their first epoch, crystal caves appear to have been water 
filled in both epochs. The solutional epoch is characterized, according 
to some of the authors here cited, by ascending juvenile waters, the 
solvent power of which is thought to have been increased by their con- 
taining carbon dioxide of deep-seated origin in considerable quantity, 
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for it could not escape as long as the water was under a considerable 
hydrostatic pressure. This may be especially true for the somewhat 
voleanic Black Hills district.» A loss of solvent power would be brought 
about by the decrease of pressure and escape of carbon dioxide conse- 
quent upon the degradation of the overlying surface; a slow process, 
truly, yet more rapid than that of solutional excavation; but when 
calcite crystals are associated with ore deposits it is possible that their 
deposition was provoked by chemical reactions. 

It may be added that the occurrence of calcite crystals on cave walls 
gives support to the idea of excavation by solution while the cave was 
water-filled ; for example, Wind Cave in the Black Hills may be thus 
explained not only because of the angular turns of its narrow passages, 
but also because of its crystalline incrustations. 


CoNCLUSION 


Favorable consideration has been given, in view of their network 
patterns, to the ground-water solution of large, two-cycle caverns in 
dense level-bedded limestones. It is not, however, my intention to insist 
on the proved correctness of that two-cycle theory, in view of its lack of 
success in accounting for the several levels of certain caverns in inclined 
limestones ; but rather to urge that, before it is either accepted as true 
or rejected as untrue, much more observational study of caverns, 
especially in inclined strata, should be made by observers who shall bear 
in mind all proposed theories of cavern origin and all the consequences 
deducible from each theory. Care should be taken not to be distracted 
from the study of cave excavation by the fascinations of dripstone orna- 
mentation. Whatever theory of excavation an observer may prefer, it 
will he his scientific duty to welcome all theories hospitably and to make 
himself equally responsible for the impartial discussion of every one of 
them. Only when he is thus mentally equipped for cave exploration, 
can he take best advantage from his opportunity underground. What- 
ever theory is under consideration, its relation to the general physio- 
graphic evolution of a cave district should be clearly defined, and a pro- 
visional place should be found under it for every item of observed cave 
form. Doubtless many items may be, for a time, incorrectly explained 
by false processes and erroneously assigned to false places; but in the 
end, after many studies of many caverns have been made by many 
observers, errors will be ruled out and a successful theory of cave origin 
will survive. 
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THE PROBLEM 


The Shawangunk conglomerate, basal Silurian formation in south- 
eastern New York and in New Jersey, is markedly unconformable on 
underlying Ordovician rocks. This unconformity represents an interval 
of folding, uplift, and erosion, and this upheaval was apparently more 
intense in New York and has been there called the Taconic revolution. 
In southern Pennsylvania the Juniata sandstone lies conformably on 
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the Martinsburg shale and is followed by the Tuscarora sandstone, and 
no apparent break in sedimentation follows either the Martinsburg or 
the Juniata. A reconnaissance survey of the upper contact of the Mar- 
tinsburg shale was made across Pennsylvania for the State Survey to 
determine the nature and extent of the unconformity. It was learned 
that unconformable relations extend as far southwest as Susquehanna 
Gap, and that in Pennsylvania this unconformity consists chiefly of the 
erosion of the upper member of the Martinsburg shale and the overlap 
of the basal conglomerate of the Tuscarora sandstone (or of the Juniata 
sandstone where present) on the lower member. (See figures 1, 2, and 
3.) 
REVIEW OF THE LITERATURE 


Miller * has recently given a brief but adequate summary of the pub- 
lished views on the Taconic folding and the unconformity at the base 
of the Silurian, and some of the following statements are taken from 
his summary. 

At Rondout, New York, the Wilbur limestone member of the Salina 
formation, of Cayugan age (late Silurian), unconformably overlies the 
Ordovician shale, the Shawangunk conglomerate which, in my opinion, 
represents the Medina and Clinton formations being absent. In the 
discussion of Miller’s paper Professor Kemp stated that in a quarry 
north of Rondout the Manlius limestone (Silurian) rests on upturned 
beds of Ordovician shale, the angular discordance being about 90 degrees. 
This had been observed by H. D. Rogers, who illustrated it by a section 
in his report in 1859, which was later copied by Van Ingen.* At Otis- 
ville. New York, the Shawangunk conglomerate rests on Ordovician 
shales with a discordance of dip of 15 degrees. In New Jersey the 
Shawangunk and its probable equivalent, the Green Pond conglomerate, 
overlie the Ordovician shale and older formations down to the pre- 
Cambrian, but contacts are not exposed, so that the actual relations 
can not be seen. At Lehigh Gap Miller reports that the conglomerate 
at the base of the Silurian (which I assign to the Tuscarora sandstone) 
rests on the truncated edges of the Ordovician (Martinsburg) slate, with 
an angular discordance of dip of 13 degrees, and he states that the 
conglomerate contains unoriented sericitized slate pebbles, which he 
thinks were derived from the Martinsburg shale and therefore afford 
evidence that the Martinsburg formation was metamorphosed to seri- 


2B. L. Miller: Taconic folding in Pennsylvania. Geol. Soc. Amer. Bull., vol. 37, 
1926, pp. 497-512. 

% Gilbert Van Ingen and P. E. Clark: Rept. New York State Paleon. for 1902-3, pp. 
1176-1227. 
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citized slate during the Taconic folding. He also expresses the opinion 
that the quartz pebbles in the conglomerate were derived from quartz 
veins in the Martinsburg shale, indicating strong deformation and vein 
filling during this epoch. 

Miller also describes the marked unconformity at Schuylkill Gap, 
where the Tuscarora sandstone is perpendicular to the bedding of the 
Martinsburg at their contact. In the railroad cuts the Tuscarora is 
vertical and abuts against the ends of horizontal beds of Martinsburg 
shale. Many writers have concluded that the contact was the result of 
faulting and not a sedimentary unconformity. Miller points out the 
absence of evidence of faulting, such as slickensiding of the contact sur- 
face and bending or drag of the strata at the contact, and concludes that 
the relations are the result of angular unconformity, which is in accord 
with the conclusions reached by Grabau. 

Behre * recognized the unconformity at Lehigh Gap and presents evi- 
dence that the Ordovician slate was seriticized before the Silurian 
conglomerate was deposited. In describing these and other sections in 
eastern Pennsylvania Schuchert ° remarks that the Shawangunk forma- 
tion rests on the Ordovician shale with a “Great Break, all of Rich- 
mondian absent,” but without angular unconformity, the relation at 
the Schuylkill Gap being regarded by him as due to faulting. 


STRATIGRAPHY OF THE MARTINSBURG SHALE 
SOUTHERN AND CENTRAL PARTS OF THE STATE 


In southern and central Pennsylvania deposition seems to have been 
continuous from the Martinsburg shale to the overlying sandstones. 
There is no apparent break in sedimentation, and no beds are known 
to be missing. Not only is the Juniata sandstone found below the Tus- 
carora but below that lie the Oswego sandstone, thin fossiliferous beds 
of lower Maysville (Pulaski) age, and beds of shale of middle Eden 
and Trenton age. 

The section in southern Pennsylvania measured by Stose® and later 
revised by Ulrich and Bassler,’ is as follows: 


4Charles H. Behre, Jr.: Taconic folding in the Martinsburg shale. Abstract, Bull. 
Geol, Soc. Amer., vol. 36, 1925, pp. 157, 158; slate in Northampton County, Pa. Top. 
and Geol. Survey of Pa. Bull. M 9, 1927. 

5 Charles Schuchert: Silurian formations of southeastern New York, New Jersey, 
and Pennsylvania, Bull. Geol. Soc. Amer., vol. 27, 1916, pp. 531-554. 

5G. W. Stose: Mercersburg-Chambersburg district. U. S. Geol. Survey Geol. Atlas. 
Folio 170, 1909. 

7E. O. Ulrich and R. S. Bassler: The Cambrian and Ordovician deposits of Mary- 
land. Maryland Geol. Survey, 1919, pp. 154-170. 
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Section in the Mercersburg region, southern Pennsylvania 


(Measured by Stose and revised by Ulrich and Bassler) 
Feet 
Clinton : 

Soft buff to green and purple shale and thin beds of rusty 
fossiliferous platy sandstone; thick beds of flaggy white 
quartzite with short Scolithus tubes and red-stained bedding 
surfaces, about 40 feet thick (Keefer), at the top: two beds 
of hard red ferruginous quartzite or iron ore, each 5 to 10 
feet thick, in upper part; Arthrophycus allegheniensis Harlan 

Juniata—Red shale and soft red 400+ 
Martinsburg shale: 

Upper sandy member: 

Gray unfossiliferous sandstone, classed by Bassler and 

Ulrich as probably (Oswego) upper Maysville......... 150 
Gray sandstone; Orthorhynchula bed at top, identified by 

Bassler and Ulrich; other fossils (18 species) of Pulaski 

Lower shaly member: 

Yellow shale and soft yellow-weathering or greenish cal- 

careous sandstone; 42 species of fossils of middle Eden 


Dark-gray to black unfossiliferous shale, probably of 


Shale and thin limestone; beds of granular limestone in 
lower part; 50 species of fossils of Trenton age........ 20-100 


Chambersburg limestone: 
Thin-bedded fossiliferous limestone of Black River age. 


It is to be noted that in this, the most complete section of the Mar- 
tinsburg in the region, there are only 2 divisions—a lower shale mem- 
ber, 2,100 feet thick, of Trenton to Eden age, and an upper sandy mem- 
ber, 450 feet thick, of Pulaski or Maysville age. 

The unfossiliferous beds identified as Oswego sandstone are clearly 
an upward gradation from the underlying gray sandstones, which con- 
tain a lower Maysville fauna; and the marked change in sedimentation 
comes at the top of these beds, at the base of the red shale and sand- 
stone of the Juniata. If the beds are properly identified as Oswego, 
that formation should apparently be included in the Maysville and there- 
fore in the Ordovician. In the Mercersburg-Chambersburg folio all 
these gray sandstones were included in the Martinsburg formation. The 
Oswego sandstone seems to be better developed and more clearly recog- 
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nizable in the vicinity of Reedsville, in the central part of the State, 
where it is again abruptly followed by thick red sandstone and shale of 
the Juniata, which contains many quartz pebbles throughout its lower 
part. According to Ulrich,* the unfossiliferous Juniata passes north- 
ward into Queenston shale of western New York, which has been traced 
westward and northward into Ontario, where it grades into abundantly 
fossiliferous formations of Richmond age. Ulrich places the Richmond 
at the base of the Silurian on faunal as well as diastrophic grounds. 

Schuchert ® also regards the Juniata as the equivalent of the Queenston 
of New York and accepts their Richmondian age, but he places the Rich- 
mondian in the Ordovician, chiefly on grounds of usage established in 
Wales, where are found the type areas of the Silurian and Ordovician 
systems. He concludes that the Taconic diastrophism at the end of 
Maysville time is not so important as the later diastrophism at the end 
of Richmond time. 

The thin-bedded sandstones, which contain Arthrophycus, are regarded 
as Clinton by Ulrich, who claims to follow Vanuxem’s usage in the type 
sections in New York. The Arthrophycus-bearing shale at Rochester, 
New York, was named Maplewood shale by Chadwick,’® who classifies 
it as basal Clinton. 

Schuchert reports Arthrophycus at several horizons in the Shawan- 
gunk, which he regards as the equivalent of the Tuscarora. In his de- 
scription of the section at Otisville, N. Y., Schuchert’! states that 
“Arthrophycus allegheniense occurs in great abundance at 420 feet above 
the Hudson River shale. At this level there are a number of black 
shales, and these have the eurypterids described by Clarke and Ruede- 
mann [referred to the Clinton by Van Ingen]. Another zone of bur- 
rows occurs 650 feet above the base of the Shawangunk, and a third at 
750 feet. It is probable that others were seen at about 100 feet above 
the base.” Quoting further from Schuchert’s Delaware Water Gap 
section ; “Arthrophycus allegheniense can be had on the New Jersey side 
at 225 feet above the base, just above a black shale bed 10 inches thick. 
Another zone occurs 10 feet higher, and apparently also at 75 feet above 
the base where the first black shale bed appears.” Eurypterids were 
also found in these beds by Van Ingen. 


8K. O. Ulrich: The Ordovician-Silurian boundary. Bull. Geol. Soc. Amer., vol. 37, 
1926, p. 326. 

® Charles Schuchert: Loc. cit., pp. 550-553; also Significance of the Taconic orogeny. 
Bull. Geol. Soc. Amer., vol. 36, 1925, pp. 343-350. 

10 G. H. Chadwick: Stratigraphy of the New York Clinton. Geol. Soc. Amer. Bull., 
vol. 29, 1918, p. 341. 

11 Charles Schuchert: Geol. Soc. Amer. Bull., vol. 27, p. 545. 
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Beds of black shale interbedded with thin beds of sandstone that con- 
tain Arthrophycus mark a definite horizon that can be readily fol- 
lowed at most places in this region, and beds of similar black shale, pos- 
sibly a little higher in the section, carry eurypterids of apparently Clin- 
ton age. I have therefore limited the Tuscarora sandstone in this paper 
to the massive-bedded quartzites and drawn its upper boundary at the 
first pronounced shale bed (see plate 3), thus placing in the Clinton 
formation the thin-bedded quartzite and interbedded black shale, which 
carry abundant Arthrophycus and the eurypterids. 


EASTERN PART OF THE STATE 


From the area about Mercersburg across Pennsylvania to the Delaware 
River the Martinsburg shale is divisible into two members, a lower shale 
member, including thin beds of limestone at the base, and an upper 
arkosic sandy member. In eastern Pennsylvania the shale is so closely 
compressed locally that certain beds are altered to roofing and other com- 
mercial slates. Close folding has brought the basal limy beds to the sur- 
face at a number of places across the strike, especially between Harris- 
burg and Fredericksburg and north of Reading, and the upper sandy 
member is inclosed in several synclines. Some of the shale mapped as 
sandy beds in figure 1, especially in the large area southeast of 
Slatington and the one east of Shartlesville, are calcareous sandstones 
and appear to be at a lower horizon than the upper sandy member. Be- 
cause of the close folding the total thickness of the shale is not so great 
as the width of its outcrop would suggest. Its thickness in Northampton 
County is estimated by Behre?? to be 9,692 feet at Lehigh River and 
15,745 feet in the Little Bushkill region. Behre divides the formation 
there into three members, a lower or hard slate member, a middle or 
sandy member, and an upper or soft slate member. Miller’* also men- 
tions this threefold division and specifically refers to the upper shale 
member. In the reconnaissance study on which this paper is largely 
based I reached the conclusion that this so-called upper slate member is 
a repetition by folding of the lower slate member brought up on an anti- 
cline, and that there are here, as elsewhere, but two members.’* This is 
discussed in detail later. The great thickness as determined by Behre 
is likewise in error. In the opinion of the writer it is less than 3,000 
feet thick. 


2 Charles H. Behre, Jr.: Pennsylvania Top. and Geol. Survey, Bull. M 9, 1927, p. 19. 

Loc. cit., p. 505. 

“This conclusion has not been adopted by the Pennsylvania Geological Survey in its 
official reports. 
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EXPLANATION 
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FIGURE 1.—Reconnaissance geologic Map of Pennsylvania 


Showing the subdivisions of the Martinsburg shale across 
obtained. The Tuscarora sandstone, and the Juniata sandstone, 
tinsburg in a large part of the area. 


the State of Pennsylvania and localities where fossils have been 
where present, overlap on the lower shale member of the Mar- 
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Ficure 2.—Structure Sections at the principal Gaps through Blue Mountain and 
North Mountain 


Showing the relation of the Tuscarora and Juniata sandstones to the Martinsburg 
shale at their contact. Some of the beds shown as Upper Sandy member may prove 
to be lower in the Martinsburg. 
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A - Arthrophycus 
P — Pulaski 
E - Middie Eden 
U — Utice 


T - Trenton 
BR — Black River 
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FicurE 3.—Graphic columnar Sections 


Showing faunas collected, probable correlation of formations, and unconformity at 
base of Tuscarora and Juniata. The Juniata is classified by the U. S. Geological Sur- 
vey as Ordovician, not Silurian. 


Railroad 
Ficure 4.—Sketch Section of the Limestone Beds at Base of Martinsbury Shale 


The locality is 1 mile south of Enola, west side of Susquehanna River. None of 
the limestone is exposed at the roadway above, and the structure is interpreted as a 


closely compressed anticline. 
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Fossils of Pulaski (Maysville) age have been found at several places 
in the northern belt of the upper sandy member east of the SchuyJkill. 
No fossils have been found in the southern sandy belts nor in any sandy 
belts west of the Schuylkill except in the Mercersburg region, in the 
southern part of the State. Here again Pulaski fossils occur only in 
the northwestern sandy belt, for the conditions in the Massanutten syn- 
cline, which there forms an eastern belt, were apparently not favorable 
to life, as stated by Bassler. Fossils of middle Eden age have been 
obtained from the lower shale member at many places from the vicinity 
of Mercersburg in the southern part of the State nearly to Lehigh River. 
Fossils of Trenton age have been collected from the lowermost beds 
near the Maryland line, and some of doubtful Trenton age at places 
northeast of Lebanon. Fossils of doubtful Trenton age were collected 
by Behre and me from the belt of calcareous sandstone east of Slating- 
ton. Eight genera were observed by Ulrich, but they were so poorly 
preserved that the species could not be determined. For this reason 
Ulrich can not correlate the bed with any specific faunal zone but he 
confidently states that the fossils indicate that the bed is not of Pulaski 
age, is probably not of middle Eden age, and is probably of Trenton age. 


SECTIONS ACROSS THE STATE 
SUSQUEHANNA RIVER 


The first section studied northeast of the Mercersburg area is at 
Susquehanna River, where several synclines enclose the upper sandy 
member. In Harrisburg the upper sandy member crops out as hard 
quartzitic ferruginous coarse gray sandstone, some beds of which are 
pebbly and form a layer of white quartz conglomerate. At least three 
other synclines to the north include thick beds of yellow arkosic sand- 
stone, presumably of the upper member, although fossils were not found 
in them. Beds of limestone near and at the base of the formation are 
exposed in three or more anticlines between Harrisburg and the Sus- 
quehanna Gap in Blue Mountain. These were studied in conjunction 
with E. R. Barnsley of the Pennsylvania Survey (see figure 4). A sec- 
tion of these beds of limestone follows: 

Composite Section of basal calcareous Beds of the Martinsburg Shale, ez- 
posed in Quarries and railroad Cuts north of Harrisburg, Pennsylvania 


Feet 
Crumbly gray shale and thin red shale. 
Gray shale and scattered layers of thin, fine-grained drab limestone and 


Loe. cit., p. 160. 
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Feet 


Upper half thin platy beds (1 to 1% inches thick) of light-gray, dove- 
colored to dark-gray fine-grained limestone (some beds granular 
and sandy), separated by dark shale beds of similar thicknesses but 
decreasing in number toward base; lower half thicker beds (1 to 3 
inches) light-gray to dove-colored limestone with fewer thin beds 
of shale, decreasing downward to mere partings. Some beds have 
ribboned effect, and some limestone beds are apparently squeezed 
out into lenses or pebblelike masses. Varies in thickness and 
character from place to_ place. 

Thick-bedded limestone conglomerate consisting of light-colored lime- 


stone pevbles in darker calcareous matrix. 10 
Thick-bedded granular sandy light-gray limestone with many round 
grains of glassy quartz; some beds of conglomeratic limestone........ 15 


\ 
y 
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Figure 5.—Detailed Structure Section at Susquehanna Gap in Blue Mountain 


Showing relation of Tuscarora and Juniata sandstones to the fossiliferous beds of the 
Martinsburg. The shale of Pulaski or Maysville age is absent at the contact. 


These two conglomeratic beds vary considerably from place to place 
and are as much as 55 feet thick locally; the matrix contains a 
few fossils—crinoid stems, orthoid shell, and probably a Leper- 
ditia; probably of middle Chazy age. 

Well-bedded pure blue and magnesian light-gray limestone (Beekman- 
town limestone). . 
The section at Susquehanna Gap in Blue Mountain (see figure 5) is 
as follows: 
Section at Susquehanna Gap in Blue Mountain 
Feet 


Tuscarora: Well-bedded vitreous white sandstone 
Juniata : 


s: Enola. ? “Ww 
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Soft, crumbly red sandstone............cccccccecccs ‘ 
Thick white hard conglomerate........... 6 
Soft red sandstone with scattered quartzose pebbles.............. 30 


68 
Martinsburg: 
Concealed; probably mostly soft shale like that beneath........ 200+ 
Soft yellow shale; Cryptolithus bellulus bed (middle Eden 

Dark shale and soft yellow shale, probably calcareous; Norman- 

Gray platy calcareous shale; Deepkill graptolites................ 10 
Gray shale, thin red shale bed near base..............e06. sane eer 
Thin, platy limestone with dark shale partings, dark argillaceous 

limestone, and limestone conglomerate at base................ 85-100 

1,800+ 


The fossils from the shale next beneath the Juniata have been iden- 
tified by Ulrich as follows: 


Aspidopera 

Pholidops cincinnatiensis (middle Eden variety) 
Lepidocoleus 

Gastropod ? 

Sowerbyella n. sp. aff. plicatella 

Cryptolithus bellulus 

Cryptolithus sp. (middle Eden variety of C. tesselatus) 


These are referred by Ulrich to the middle Eden, southern fauna, with 
the statement that “the zone is primarily the same as the one shown in 
the quarry at Swatara Gap where a much larger collection was made” 
(see page 643). 

The graptolite fauna of the shale 1,100 feet below the Juniata collected 
by Stose and Barnesley are identified by Ulrich and Ruedemann as fol- 
lows: 


Didymograptus sagitticaulis 
Dicellograptus sexrtans 
Dicranograptus ramosus var. 
Climacograptus cf. caudatus 
Climacograptus modestus 
Climacograptus parvus 
Diplograptus angustifolius 
Leptobolus walcotti 
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All these are regarded by them as characteristic Normanskill fos- 
sils of the Levis’ basin, they also occur in the Athens shale, but the 
third and fourth fossils of the list indicate a high position in the sequence 
of Normanskill zones. 

The fossils next below, also collected by Stose and Barnesley, referred 
by Ulrich to the Deepkill (“Canadian”) fauna of the Levis basin, are 
identified by him as follows: 


Goniograptus aff. thoreaui (n. sp. ?) 
Goniograptus perflecilis 
Didymograptus exrtensus 
Didymograptus bifidus (large form) 
Didymograptus cf. similis and nitidus 
Didymograptus cf. indentus 
Tetragraptus quadribrachiatus 
Tetragraptus aff. pendens (probably n. sp.) 
Phyllograptus angustifolius 
Phyllograptus cf. ilicifolius 
Phyllograptus cf. anna 

Dichograptus (7?) 

Caryocaris curvilatus 


Ulrich states that all these fossils except the two indicated as prob- 
ably new species belong to well-known species of the Deepkill shale of 
New York and the corresponding Levis shale of Quebec. 

These two faunas are exceptional in this region. The Deepkill fauna 
is not known elsewhere south of eastern New York, and the Norman- 
skill graptolite fauna is reported only from Jutland, New Jersey, and 
from south of Harrisonburg, Virginia. As the Martinsburg shale is 
of Trenton age and younger, beds containing these older faunas should 
be excluded from it, but nothing is yet known of the age of the basal 
part of the Martinsburg shale east of the Susquehanna, for no fossils 
have been found in it. 

The Juniata at Susquehanna Gap therefore overlies fossiliferous shale 
of middle Eden age, and the Oswego and Maysville are most certainly 
absent. The unconformity here is therefore clearly beneath the Juniata, 
and if the Tuscarora or “white Medina” is regarded as Silurian the 
Juniata or “red Medina” should also be classed as Silurian on diastrophic 
grounds. 


MANADA AND INDIANTOWN GAPS 


The next gap to the east is Manada Gap. The contact of the Tus- 
carora and Martinsburg is not exposed here, but the Juniata is appar- 
ently not present in this section nor in any section farther east. 


i 


642 G.A.STOSE—UNCONFORMITY AT THE BASE OF THE SILURIAN 


The partial section measured here is as follows: 


Section at Manada Gap 


Clinton: Feet 
Light-gray cross-bedded thin-bedded vitreous sandstone, some beds 
Hard coarse red ferruginous quartzite (iron ore)................ 5 
Hard vitreous green cross-bedded sandstone with scattered quartz 
Green shale and thin platy red ferruginous quartzite............ 15 
Hard red ferruginous fine-grained quartzite (iron ore)............ 5 


Tuscarora: 
Thick-bedded blue-white vitreous cross-bedded sandstone, pebbly 
Concealed. 


The beds are overturned so that they dip 60 degrees south and the 
Tuscarora and Clinton are very thin, their thinness being apparently 
due in part to the squeezing out of soft beds by intense folding and not 
entirely to thinning by sedimentation. 

At Indiantown Gap the next break in Blue Mountain, there are no 
clear exposures. Vertical beds of ferruginous, platy, fossiliferous sand- 
stone of the Clinton are followed on the south by a talus of large blocks 
of vitreous white sandstone of the Tuscarora, and there are no outcrops 
until the soft yellow shale of the Martinsburg is seen. 


SWATARA GAP 


At Swatara Gap there is a good section and a clear exposure of the con- 
tact of the Martinsburg shale and Tuscarora sandstone in a quarry (see 
figures 1-3). The measured section is as follows: 


Section at Swatara Gap 


Clinton: Feet 
Blocky vitreous hard gray sandstone (Keefer)................0055 50+ 
Concealed (probably largely 150+ 
Slabby siliceous red iron ore with green shale pebbles and mud 

Concealed (probably largely shale) 150+ 
Concealed by talus, in part dense red ferruginous quartzite or sili- 


Concealed by talus of conglomeratic sandstone and ferruginous red 
quartzite or siliceous iron ore with twiglike surface markings.... 352+ 
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Feet 
Hard, blocky, vitreous sandstone containing scattered quartz pebbles 
and shale, largely concealed by talus; slabby sandstone with 


Arthrophycus allegheniensis Harlan at base................000 170+ 
660+ 
Tuscarora : 

Thick white vitreous sandstone containing scattered pebbles...... 175 
Concealed; covered with hard white sandstone fragments........ 200 
Coarse white vitreous sandstone with scattered fine quartz pebbles 20 


(Clear sharp contact with underlying beds in quarry.) 


Lower shale member of the Martinsburg: 
Purplish-black to olive argillite containing thin dark sandy beds 
and platy micaceous sandy beds. Fossils are numerous, especially 
fine specimens of Cryptolithus bellulus (middle Eden fauna).... 85 


In the quarry coarse conglomerate of rounded white quartz pebbles as 
much as 3 inches in diameter rests on shale, both rocks dipping 70° S., 
overturned, without noticeable angular discordance. The shale, even to 
the topmost beds, contains a profusion of fossils, most of which are 
covered with a rust film which makes the fossils contrast strikingly with 
the drab color of the shale. The following fossils have been identified 
by Ulrich from collections made by him and by me: 


Diplograptus sp. Archinacella patelliformis 
Spatiopora lineata Sinuites cancellatus 
Ectenocrinus simpler Liospira micula (Eden var.) 
Heterocrinus sp. Lophospira ohioensis 
Pholidops cincinnatiensis Orthoceras aff. transversum 
Dalmanella emacerata Cornulites aff. fcruosus 
Dalmanella multisecta Jonesella crepidiformis 
Sowerbyella aff. sericea Ceratopsis chambersi 
Sowerbyella aff. plicatella * Primitia cf. biverter 
Rafinesquina ulrichi * Primiticella unicornis 

* Leptaena gibbosa *Elpe radiata 

Ctenodonta filistriata Cryptolithus bellulus 
Cleidophorus planulata Cryptolithus tesselatus (Eden var.) 
Rhytimya producta : Calymene granulosa 
Colpomya faba Triarthrus becki (Eden var.) 


Cuneamya cf. neglecta (Eden form.) Tornquistia sp. 


Ulrich states: 


“Most of these species are confined to the Southgate (middle) member of 
the Eden in the Cincinnati section. Others in the list occur there also in the 
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Economy (lower) member of the Eden. Moreover, the three starred Ostra- 
coda and the brachiopod, Leptaena gibbosa, seem to be confined to the lower 
member of the Eden in Ohio and Kentucky. The available faunal evidence 
thus seems to establish that the top of the Ordovician section in the Swatara 
Gap is a bed of shale that is not younger than middle Eden. It is concluded, 
therefore, that the contact between this highly fossiliferous shale and the 
conglomeratic base of the overlying Tuscarora here marks a stratigraphic 
and faunal break that is commonly represented elsewhere in the State by 
deposits of shale and sandstone of upper Eden, Maysville, and Richmond ages, 
which aggregate at least 2,500 feet in thickness in Mifflin County.” 


The upper sandy member is apparently present not over 2 miles to 
the southeast, on Swatara Creek at the west end of Little Mountain. 
It is here apparently inclosed in a shallow svncline, and had been 
removed at Swatara Gap by erosion from the crest of an anticline before 
the Tuscarora was laid down (see figure 2). 


LITTLE MOUNTAIN 


Two miles east of Swatara Gap Little Mountain is capped by Tus- 
carora sandstone, a thick-bedded hard white sandstone with a coarse 
conglomerate of quartz pebbles up to 3 inches in diameter at the base, 
similar to the basal conglomerate and sandstone of the Tuscarora at 
Swatara Gap. The upper sandy member of the Martinsburg is ap- 
parently not present here, for the conglomerate overlies soft gray to buff 
arkosic sandstone with numerous pebbles of green and black shale, inter- 
bedded with beds of green and black shale. Some of these beds of un- 
assorted arkosic conglomeratic sandstone, which contain pebbles of shale 
and many grains of clear quartz and of white, decomposed feldspar, make 
an assemblage of a peculiar type which has been identified at a number 
of places. Farther east, 4 miles northwest of Bethel, and again 1 mile 
north of Bethel, these beds carry fragmentary fossils, which are not well 
preserved because of the coarseness of the matrix. Of these fossils Ulrich 
has identified : 


Pachydictya aff. acuta 
Rhinidictya sp. 

Another bifoliate bryozoan 
Orthoid of undeterminable genus 


Ulrich states that these fossils suggest the lower Trenton, but are not 
conclusive. Detailed work has not been done in this area, and the rela- 
tion of these fossiliferous conglomeratic beds to the shales of middle 
Eden age at Swatara Gap or to heavy sandstones (presumably the 
upper sand member) seen at the west end of Little Mountain has not 
yet been determined. Similar unassorted coarse arkosic beds in which, 
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also, fossils have not been found were seen 1 mile south of-Little Moun- 
tain near Swatara Creek associated with beds of red shale. These 
beds are believed to be the same as similar beds at the base of the Mar- 
tinsburg at Jonestown, 4 miles to the south. Here thick red shale and 
greenish arkosic sandstone with an associated basaltic lava flow inclosing 
fragments of limestone rest on a limestone floor.’® Beds of this type 
therefore are believed to mark the base of the Martinsburg, a relation that 
would harmonize with the determination that the beds near Bethel are 
possibly of Trenton age. This horizon is also probably represented near 
Grantville, 8 miles southwest along the strike, by ferruginous quartzose 
limestone that weathers to sandstone and limestone conglomerate with 
green shale pebbles, which is associated with shale and thin blue lime- 
stone beds believed to be at the base of the formation. These beds are 
slightly fossiliferous, although no forms could be identified, and they 
also contain nodules of pyrite with radiate structure. 


NORTH KILL GAP 

The next gap visited was the gap of North Kill Creek, northwest of 
Shartlesville. Here again the contact is concealed, but the quartzite is 
well exposed in a quarry. The dip is 60° N. and the section seen is as 


follows: 
Section at North Kill Creek Gap Thickness 
in feet 


Tuscarora: 
White quartzite in 2-foot beds containing scattered quartz pebbles... 40 


Dark cross-bedded quartzite and beds of conglomerate of white 
quartz pebbles, which are coarser, up to 2 inches, at base (prob- 

Concealed. 

Martinsburg: 
Buff shale (probably lower member). 


SCHUYLKILL GAP 


At Schuylkill Gap, south of Port Clinton, several good sections of 
the Tuscarora-Martinsburg contact are exposed in railroad cuts. Mil- 
ler ** has described these in detail and Ashley has taken several photo- 
graphs of the unconformable contact, three views of which are shown in 
Plates 9 and 10. The relation here is such that it is almost unbelievable 
that it is the result of unconformable deposition, for the older rocks are 
nearly horizontal and the younger rocks are vertical, resting against 
the edges of the older. One is therefore inclined to explain the relation 


6G. W. Stose and A. I. Jonas: Ordovician shale and associated lava in northeastern 
Pennsylvania. Bull. Geol. Soc. Amer., vol. 38, 1927, pp. 505-536. 
17B. L. Miller: Loe. cit., pp. 503-505. 
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as due to faulting, and many geologists have so regarded it. Dr. Miller 
has presented the evidence from which he concluded that the relations 
are due to unconformable deposition, and with his conclusion I agree. 
At the eastern exposure of the contact on the Reading Railroad there is 
some indication of movement, a very minor drag of the shale due to 
slight differential movement between it and the hard quartzite. This 
strikingly discordant contact need not mean a great unconformity, 
however, for, it can be explained as due to open folding of the Martins- 
burg shale and erosion of a fold before the deposition of the Tuscarora 
sandstone and then later folding that tilted the sandstone on end. This 
exposure happens to fall where the beds of the Martinsburg shale, which 
are now nearly horizontal, were vertical when the Tuscarora sandstone 
was laid down, but this relation probably does not extend far in either 
direction (see figure 2). The measured section at the gap is as follows: 


Section at Schuylkill Gap below Port Clinton 
Clinton: Feet 
Red ferruginous sandstone. 
Thin greenish sandstone, weathering rusty, and interbedded green 
micaceous sandy shale. 
Thin white quartzite in 1-foot beds, with thin black shale between 
the beds and well-defined burrows or markings of Arthrophycus 


allegheniensis on the under side of the slabs.............e.eec0e0. 6 
Tuscarora: 
Thick-bedded white sandstone, stained green and red on weather- 
ing, with a few thin partings of dark shale..................e00% 32 
Blue vitreous sandstone with thin shale partings at top and black 
banded quartzite with pebbles of hard, green shale.............. 25 
White quartzite finely laminated with gray...............cceeeceee 40 


Conglomerate of white quartz and a few pebbles of black flinty shale 
and interbedded dark banded sandstone, stained red on weathering 5 
Angular unconformity of 90 degrees. 


102 
Upper sandy member of Martinsburg: 
Thin to thick greenish arkosic sandstone in 3 to 6-foot beds and 
thin buff shale. 


At Schuylkill Gap the sandy beds at the contact are considered the 
upper member of the Martinsburg. The gray shale and interbedded 
soft red shale adjacent on the south are part of a wide belt that extends 
westward to Shartlesville, and these beds are believed to be the lower 
shale member of the Martinsburg. In another wider shale belt farther 
south, thin-bedded limestones at the base of the Martinsburg are ex- 
posed at many places and indicate anticlines. Some of these anticlines 
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rise high enough to expose the underlying limestone formation, which, 
judging from the Cryptozoons it contains, as reported by Behre,’* is the 
Conococheague limestone, the intervening Beekmantown limestone ap- 
parently being here overlapped by the shale. 

The belts of buff shale and thick arkosic sandstones, which form lines 
of hills between the areas of soft shale are believed to be mostly the 
upper sandy member of the formation in synclines, but fossils have not 
been found in them. Several of these synclines of the upper sandy 
member occur south and southwest of Shartlesville and make higher hills 
than the rest of the shale. The wide belt south of Hamburg contains 
beds of sandy limestone which seem to lie near the base and may prove 
to be part of the lower shale member. 


WINDSOR FURNACE GAP 


Four miles east of Schuylkill River the following section is afforded 
at old Windsor Furnace, where the Tuscarora sandstone is quarried for 
foundation stone. The rocks dip 60 degrees north. 


Section at Windsor Furnace Gap 


Clinton: Feet 
Thin-bedded white to dark fine-grained sandstone, thin-bedded white 
sandstone in 1 to 3-foot beds, and some shale (?).............6.. 25 
Tuscarora: 
Concealed, covered with sandstone 125 


Very massive white quartzite with scattered white quartz pebbles 
and a layer containing 1-inch quartz pebbles at the base (quar- 
Martinsburg : 
Soft yellow shale. 


EAST OF THE SCHUYLKILL 


Six miles east of the Schuylkill the edge of the Tuscarora sandstone 
recedes northwestward across the ends of gentle folds that pitch west- 
ward, and the Blue Mountain front is thereby offset northward 4 or 5 
miles. In this offset the Tuscarora sandstone rests alternately on belts 
of the upper sandy member and of the lower shale member of the Mar- 
tinsburg (see figure 6), this relation resulting from the gentle folding 
of the Martinsburg shale and the erosion of the anticlines before the 
deposition of the Tuscarora sandstone, as shown in diagram (see fig- 
ure 7). 

This is best shown north and west of Kempton, where the upper 
sandy member composes Shochary Ridge and its continuation west to 


8% Loc. cit., p. 18. 
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the foot of the mountain near Eckville. This belt contains an abun- 
dant fauna, which Mr. Ulrich correlates with the Pulaski division of the 
Lorraine of New York. Fossils collected from this belt by the writer 
and by C. H. Behre, Jr., have been identified by Ulrich as follows: 


| 
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A, Strike and dip ° 3 SMILES 
Vertical veds Martinsburg shale 

» 

Tuscarora S Upper sandy Limestone Calcareous Lower shaly 
sandstone & member conglomerate sandy beds member 

S (Pulaski age) (age uncertain) (Eden and 
3 older) 
X, Fossil locality E, Middle Eden P, Pulaski 


Figure 6.—Reconnaissance geologic Map of Vicinity of The Pinnacle 


Showing the Tuscarora sandstone overlapping the members of the Martinsburg shale 
north of The Pinnacle, where the Blue Mountain front is offset northward. Mr. Behre 
places a strike fault between the fossiliferous shale and the slate-bearing beds in the 
northern shale belt. 


Fossils from upper sandy Member of the Martinsburg at Shochary Ridge 


Rafinesquina, small, aff. camerata 

Rafinesquina cf. alternistriata 

Rafinesquina aff. ulrichi 

Strophomena n. sp. (coarsely striated like S. sinuata) 
Sowerbyella aff. sericca 
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Dalmanella aff. multisecta 
Dalmanella sp. 
Zygospira modesta 
Ctenodonta cf. levata 
Other small pelecypods 
Sinuites aff. cancellatus 
Tetranota sp. 

Liospira aff. progne 
Lophospira aff. obliqua 
Lepidocoleus jamesi 
Calymene sp. 

Proetus aff. parviusculus 
Ctenobolbina cf. ciliata 


Hp 


Tuscarora Upper sandy member Lower shale member 
sandstone’ 
Martinsburg shele 
° Ye Yu IMILE 


FIGURE 7.—Cross-section of Blue Mountain at The Pinnacle 


A. Structure section across Blue Mountain at The Pinnacle, where the mountain 
front is offset northward, showing the unconformable relations. Some of the beds 
shown as upper sandy member may prove to be lower in the Martinsburg. 

B. Diagrammatic section, showing the restored Tuscarora sandstone deposited over 
the eroded edges of the folded Martinsburg. 

C. Diagrammatic section, showing the restored folds of Martinsburg shale before 
erosion and the deposition of Tuscarora sandstone. 


This belt of the fossiliferous upper sandy member passes under the 
Tuscarora sandstone in a synclinal salient of the mountain south of Eck- 
ville. A belt of the lower shale member to the south can be traced from 
Kempton westward up Pine Creek Valley to the talus of sandstone from 
the mountain and apparently represents an eroded anticline overlapped 
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by the Tuscarora sandstone (see figure 6). The effect of thé anticline 
is shown also by the deep reentrant in the sandstone capping at the 
head of the valley. Still farther south another belt of sandstone, pre- 
sumably the upper sandy member, passes west of Albany under the 
Tuscarora sandstone in the Pinnacle, a prominent eastward projecting 
point of Blue Mountain where it swings back and around the end of a 


plunging syncline. 


Coarse sandy lime- EN a 


Ficure 8.—Sketch Section showing apparent geologic Relations at Spitzenberg 


The limestone conglomerate seems to be unconformable on the lower shale member 
of the Martinsburg, with marked angular divergence of dip, although contact was not 
seen. Fossils were not found in the conglomerate, and its age was not determined. 
Detail of the conglomeratic beds given in enlarged section. 


A high, sharp, isolated peak, called Spitzenberg, a short distance 
southeast of the Pinnacle, seems from its height and position to be an 
outlying remnant of Blue Mountain. However, it is capped not by 
Tuscarora sandstone but by coarse cross-bedded quartzose limestone and 
limestone conglomerate containing some pebbles of red and green shale. 
The unusual character of the rock was first brought to my attention by 
Behre. These beds lie almost horizontal, whereas the shale and sand- 
stone in the lower part of the hill and on the road below are vertical or 
steeply inclined, indicating a marked angular unconformity (see figure 
8). No fossils were found in these beds and their age has not been 
determined. The underlying beds are soft shales, some of which are red 
and green, contain limestone beds and appear to be part of the belt 
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of the lower shaly member which extends eastward from Shartlesville. 
The relation seems to be the same as that of the shale-pebble arkosic 
sandstone which is seen north of Jonestown and along Little Mountain 
and which carries fossils of possible Trenton age north of Bethel. 

The shale belt that lies north of Shochary Ridge, between it and 
Blue Mountain, contains a band of commercial slate, and this belt ex- 
tends eastward to Delaware River. Behre*® thinks that the slate-bearing 
beds lie above the sandy member and form an upper or soft slate member 
of the Martinsburg. He collected fossils in this belt near Eckville, and 
I collected some at the same place and also some at two places to the 
east, near Jacksonville. These include Cryptolithus bellulus and other 
fossils referred by Ulrich to the middle Eden, the same zone as that 
beneath the Tuscarora sandstone at Swatara Gap and Susquehanna 
Gap. These fossiliferous shales dip 50 to 65 degrees south under the 
sandstone of Shochary Ridge, which thus lies in a syncline. Behre has 
postulated a thrust fault between these fossiliferous beds which he regards 
as the lower member, and the slate-bearing beds to the north, which 
he regards as an upper member. In view of the established sequence of a 
lower shale member and an upper sandy member in the southern and 
central part of the State, the apparently similar sequence here indicated 
by the dip of the bedding and relation of the belts, and the occurrence of 
fossils of Middle Eden age at three places in this shale belt, the evidence 
in hand indicates that this whole northern shale belt is the lower shale 
member of the Martinsburg repeated by folding and exposed in an 
anticline by erosion before the deposition of the Tuscarora sandstone, 
the relation being the same as that at Swatara Gap and Susquehanna 
Gap. 

However, it is not surprising that Behre, approaching the problem from 
the east, at Delaware River, came to the conclusion that there was a three- 
fold division of the Martinsburg, for in Northampton County, covered 
by his excellent detailed slate report,”° there is little or no evidence that 
the lower shale member is repeated by folding. The outcrops of bedrock 
there are largely concealed by glacial drift, and most of the available 
exposures are in slate quaries, where the beds are highly compressed and 
the structure is largely concealed by slaty cleavage. Judging alone from 
the areal distribution in Northampton County, the lower or hard slate 
member is succeeded by the so-called middle or sandy member and this by 
the so-called upper or soft slate member, which is overlain by the Tus- 


Loc. cit., pp. 29-34. 
cit., pp. 18-34. 
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carora sandstone, all apparently in normal ascending order. Without 
fossils or dip of beds to disprove this sequence Behre had no alternative 
but to draw the conclusions he did. Behre later surveyed the Shochary 
Ridge area, to the west, and recognized that the fossiliferous sandstones 
of Shochary Ridge lie in a syncline and that the southern part of the 
shale belt there, which contains fossils at Eckville and at Jacksonville, 
is part of the lower member of the formation. In order to maintain the 
northern shale belt in Northampton County as the upper member of the 
Martinsburg he postulated a strike fault in the midst of the shale belt, 
evidence of which I think is lacking. 

Approaching the problem from the west, where the true sequence was 
already established and unconformable relations had been observed, I 
was skeptical of the threefold division, and by finding fossils at several 
places in the western part of this northern shale belt I proved to my 
own satisfaction that there are only two divisions. 


NEW TRIPOLI ROAD 


The next place examined was at the road over the mountain from New 
Tripoli to Snyders. The lower part of the section, including the con- 
tact with the Martinsburg shale, is concealed. The section exposed on 
the mountain slope is as follows: 

Feet 
Dull-red and yellow shale and red sandstone, capping the ridge at this 
point (Lithologic character suggests Bloomsburg).............e..0. 180+ 


Hard white sandstone and fine conglomerate; upper beds slabby and 
contain quartz pebbles and short scolithus tubes (Possibly Clinton).. 150+ 


Red shale and sandstone poorly exposed...........ccccccccccccccees 170+ 
Coarse crumbly conglomerate with quartz and shale pebbles, 2-3 inches 
in diameter, and cross-bedded red-streaked sandstone............... 10 


Concealed below. 


This section was not studied closely and is not understood. The red 
rocks at the top of the mountain seem to be Bloomsburg, of Cayuga age, 
but they may be Clinton. If the hard sandstone on the upper slope is 
Tuscarora, then there is more red shale aad sandstone below it. If it 
and the inclosing red shale is Clinton, as it seems they may be, the 
Tuscarora is very thin and is represented largely by the coarse crumbly 
sandstone at the base of the exposure. 


LEHIGH GAP 


At Lehigh Gap the contact of the shale and overlying beds is excel- 
lently shown (see Plate 11). The measured section is as follows: 
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Section at Lehigh Gap 
Clinton: Feet 
Slabby sandstone with mud lumps and other surface markings and 
red sandstone. 


Thick and thin bedded rusty sandstone and fine conglomerate.... 42 
Largely covered. Fragments of thin sandstone. Vitreous white 
to green sandstone with white quartz pebbles at base.......... 147 
Clinton 
Thin-bedded vitreous sandstone with shale partings.............. 23 


Medium-bedded sandstone and conglomerate with shale partings.. 36 
Tuscarora : 


Thick-bedded conglomerate, rounded pebbles of quartz and hard 
Thin-bedded hard, white sandstone containing scattered small 
Very massive-bedded vitreous white sandstone................... 30 
Thick-bedded vitreous white sandstone and conglomerate.......... 30 
Conglomerate of quartz and hard black shale pebbles............ 3 
125-185 


Lower shale member of the Martinsburg: 
Dark argillaceous shale, finely banded, and a few beds of white 
thin platy sandstone. 


The conglomeratic character of the beds and their greater thickness 
approaches the character and thickness of typical Shawangunk conglom- 
erate of New Jersey and southern New York, and indicates that the un- 
conformity here represents greater uplift and longer erosion than are 
represented farther southwest. The beds below the quartzite yielded no 
fossils, but their character is that of the beds of the lower shale member 
of the Martinsburg. Behre and Miller regard these shales as an upper or 
soft slate member, but their view is not tenable, for the reasons already 
stated. The conglomerate contains pebbles of hard black shale or dense 
argillite, but I saw none that showed the sericitized slaty cleavage that 
Miller and Behre regard as evidence of Taconic metamorphism. Speci- 
mens shown to me by Behre contain thin fragments of black shale 
exhibiting schistosity that curves around adjacent quartz pebbles and 
was evidently produced by compression after the conglomerate was 
deposited. I believe that no evidence has been presented to warrant the 
conclusion that the pre-Silurian disturbance in Pennsylvania was intense 
enough to have metamorphosed the Martinsburg shale to sericitized slate. 
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WIND GAP 


The section at Wind Gap is very poor and the relations there were 
not satisfactorily determined. Apparently there is an offset of the heavy 
mountain-making beds at the gap. At the divide the sandstone is seen 
only as talus on the west side. Below the gap, at the foot of the steep 
slope, ledges are exposed which trend toward the crest of the ridge on the 
east side of the gap and appear to be the offset ends of the mountain- 
making beds. The dip is 50 degrees north. The section of these rocks 


is as follows: 
Section at Wind Gap 


Feet 

Thin-bedded white quartzite with scattered quartz pebbles.............. 55 

Thin-bedded sandstone with thin wavy shaly partings and a thin gray 


DELAWARE GAP 


The section at Delaware Water Gap is very disappointing, because the 
Martinsburg shale is almost completely covered by thick glacial drift. 
The section given by Schuchert *! is as follows: 

Section at Delaware Water Gap 


{Condensed from Schuchert] 


Feet 
Cayugan: 
Red shale and argillaceous red sandstone, interbedded with 
many beds of green cross-bedded sandstone................ 2,300-2,425 
Shawangunk quartzite: 1,565-1,900 


Thin black shales from which eurypterids were collected by Van 
Ingen 735 feet above the base. 

Thin-bedded dark-greenish sandstone and innumerable beds of 
quartz conglomerate containing some black shale pebbles and 
thin beds of black to dark-green shale. Arthrophycus alle- 
ghaniensis occurs in slabby beds just above a black shale 225 
feet above the base and apparently at another horizon 75 
feet above the base, where the first black shale bed appears. 

Clean white coarse heavy-bedded conglomeratic quartzite. 

Hudson River shale: 

Blue-black shale: (Contact is exposed on the Pennsylvania 

side. ) 


The heavy sandstone and conglomerate at the base, 200 to 225 feet 
thick, I believe represent the Tuscarora. The appearance above this of 
beds of black slate and of Arthrophycus on the associated slabby sand- 


21Charles Schuchert: Silurian formations of southeastern New York, New Jersey, 
and Pennsylvania. Geol. Soc. Amer. Bull., vol. 27, 1916, pp. 545-546. 
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stones is believed by Ulrich and me to indicate the base of the Clinton. 
The eurypterids of the Shawangunk are regarded by Van Ingen as of Clin- 
ton age. 

Schuchert states that the “Hudson River” (Martinsburg) shale is 
exposed in contact with the quartzite on the Pennsylvania side, but this 
exposure was not seen by Miller nor by me. Black slate is quarried only 
a short distance south of the quartzite, and thin gray barren sandy shale 
and black slate are quarried farther south, near Slateford. In the ravine 
at Slateford calcareous sandstone is exposed which clearly underlies the 
slate in the quarries. Behre regards this sandstone as a middle member 
of the Martinsburg, and the slate and shale that overlie it to the north 
as the upper soft slate member. I believe these sandy beds to be near 
the base of the lower shale member, at the same horizon as the calcareous 
sandstone seen south of Hamburg. If they are Behre’s middle member 
they should contain a Pulaski fauna; if they are the lower beds that I 
believe them to be they should contain a lower Eden or Trenton fauna. 
Only a few fragments of unidentifiable fossils were obtained from the 
calcareous sandstone at Slateford, but a larger number of fossils were 
collected from calcareous sandstone in the same belt of these beds south 
of Point Philip, 20 miles to the southwest along the strike. These fossils 
are considered by Ulrich to be older than Pulaski and probably of Tren- 
ton age. Such faunal evidence as is available, therefore, is in favor of the 
correlation with the lower Eden or Trenton. 

Across the Delaware from Slateford, just south of Howeys Station on 
the New York, Susquehanna & Western Railroad, an apparent outcrop 
beneath the drift in the railroad cut shows nearly horizontal beds of 
earthly siliceous banded limestone and limestone conglomerate. These 
beds yielded a few fossils, which Ulrich identified as possibly Conoco- 
cheague or “Canadian” forms. If this is actually an outcrop, it indicates 
an anticline at this point which brings up the limestone beneath the 
calcareous sandstone at the base of the Martinsburg at Slateford. 


NEW JERSEY 
The Martinsburg shale in Kittatinny Valley in New Jersey is de- 
scribed by Kiimmel *? as composed largely of black shale and slate, 
locally with some red shale, and interbedded dark bluish gray sandstones, 
in part calcareous, in beds up to 3 feet thick, which are more numerous 
in the upper part of the formation. The thickness is estimated at 3,000 
feet. Fossils found in the lower beds are of Trenton age, and no fossils 


22H. B. Kiimmel: U. S. Geol. Survey Geol. Atlas, Raritan folio, No. 191, 1914, pp. 
11, 12, and columnar section. 
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were found in the higher beds. Inliers of Ordovician shale in the area of 
crystalline rocks of the Highlands to the southeast have a different litho- 
logy and are probably of somewhat different age. Much of the shale in 
these areas is described by Kiimmel as of bright-red color, and contains 
graptolites stated to be of Normanskill age. The following composite 
section was observed by me: 


Section in Cut of Lehigh Valley Railroad east of Jutland 
Feet 

Thick-bedded greenish arkosic sandstone and gray shale, folded. 

Dark shale with thin platy layers of arkosic sandstone containing grap- 
tolites (Normanskill graptolites were reported to have been collected 
here by Weller). 

Hard olive-colored platy shale, some beds spotted with irregular white 
blotches; dark-gray shale, and thin platy fine-grained calcareous sand- 
stone weathering rusty. 

Thin red shale. 

Hard dark-gray shale. 


Hard rhythmically banded limestone, dark slaty siliceous limestone bands, 


Limestone conglomerate, in part of “edgewise” type; angular fragments 
of banded limestone in ferruginous calcareous cement, which weathers 
rust colored; glassy quartz grains in some limestone pebbles; contains 
fragments of shells and small round ferruginous limestone masses com- 

Well-bedded light-blue limestone and light-gray magnesian limestone (Beek- 
mantown). 


At a small quarry in the shale area 114 miles south of Annandale, 
there are 6 feet of fossiliferous coarse limestone conglomerate between 
black fissile shale above and cherty and siliceous blue limestone of prob- 
ably Beekmantown age below. The limestone fragments consist of irregu- 
lar masses of blue, crystalline limestone, inclosed in a calcareous matrix 
containing many large shells identified by Ulrich as Dalmanella edsoni, 
small round masses of fine Solenopora-like Bryozoa, and other coarser 
Bryozoa. According to Ulrich these suggest Trenton, but this is not in 
keeping with the supposed Normanskill age of the overlying shale. 


CONCLUSIONS 


The conclusions reached in this paper may be summed up as follows: 
1. The unconformity at the base of the Silurian in eastern Pennsyl- 
vania, New Jersey, and southeastern New York, which represents the 
Taconic revolution of southeastern New York, extends southwestward 
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to the Susquehanna River gap but not to the southern border of Penn- 
sylvania, nor to the central part of the State. 

2. In Pennsylvania this unconformity consists of an overlap of the 
basal conglomerate of the Tuscarora sandstone and its representative in 
the east, the lower part of the Shawangunk conglomerate, on the folded 
and eroded Martinsburg shale, the sandstone resting in a large part of 
the area on the lower member of the shale, from which the upper sandy 
member had been eroded previously. 

3. The Juniata formation, of red shale and sandstone, partakes of the 
unconformity and is later than the folding, uplift, and erosion of the 
Ordovicion shale, and on this diastrophic evidence should be grouped 
with the Tuscarora sandstone as Silurian. 

4, The Martinsburg shale throughout the great Valley of Pennsyl- 
vania is divisible into two members, a lower shale member, of Eden and 
older age, and an upper sandy member, of Pulaski age. 

5. The so-called upper or soft slate member of the Martinsburg shale 
in Northampton County is probably the lower shale member which was 
brought up by folding and from which the upper sandy member was 
eroded before the Tuscarora sandstone was deposited. 

6. The occurrence of Normanskill and Deepkill graptolite faunas in 
the shale at Susquehanna River and at Jutland will necessitate either 
the separation of beds of this age from the rest of the shale if it is to be 
classed as Martinsburg, which is of Trenton and younger age, or the 
use of another name for the more comprehensive shale formation in- 
cluding these older beds. The name Cocalico shale ?* was introduced for 
a similar Ordovician shale formation north of Lancaster and may be 
appropriate for this unit. 


2G. W. Stose and A. I. Jonas: The lower Paleozoic section of southeastern Penn- 
sylvania. Wash. Acad. Sci. Jour., vol. 12, 1922, pp. 358-366. Ordovician overlap in 
the Piedmont province of Pennsylvania and Maryland. Geol. Soc. Amer. Bull.. vol. 
34, 1923, pp. 507-524. And loc. cit., pp. 522-524. 
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FicuRE 1.—Unconformable Contact of Tuscarora Sandstone (vertical) and Martins. 
burg Shale (nearly horizontal) 
Pennsylvania Railroad Cut, west side of Schuylkill River, below Port Clinton. 


Figure 2.——Neai View of unconformable Contact shown in Figure 1 
Note the sharp contact and absence of evidence of faulting. The under side of the 
Tuscarora sandstone is a rough bedding plane with scattered quartz pebbles and ap- 
pears to be a basal bed. Note the thick beds of arkosic sandstone with thin shale 
partings, characteristic of the upper sandy member of the Martinsburg. Photographs 
by Geo. HTH. Ashley. 
UNCONFORMABLE TUSCARORA CONTACT 


BULL. GEOL. SOC. AM. VOL. 41, 1930, PL. 10 


FiGuRE 1.—lUnconformable Contact of Tuscarora Sandstone and Martinsburg Shale, eastern Cut 
on Reading Railroad, west Side of Schuylkill River, below Port Clinton 
View is looking west. Slight differential movement indicated at contact. 


Photograph by 
Geo. H, Ashley. 
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Ficure 2.—Sketch of Contact shown in Figure 1, giving Details and Relations of Beds 


Showing indication of minor faulting at the contact. 
UNCONFORMABLE TUSCARORA CONTACT 
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Figure 1.—Massive Tuscarora Sandstone on east side of Lehigh 
Gap in Blue Mountain 


7 Martinsburg 


shale 


Figure 2.—Sketch of Cliff shown in Figure 1, giving Details of Beds in Tuscarora 
Sandstone 


MASSIVE TUSCARORA SANDSTONE AT LEHIGH GAP 
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Ficurn 1.—The Great Wass Island Scarp 


region as Great Wass Island quadrangle but includes more territory. 
yutheast corner does not continue beyond the chart. Source: U. 8. 
art number 304, original 1574, and soundings by writer. 
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Previous Work 


A conspicuous submarine escarpment is revealed on the topographic 
map of the Great Wass Island quadrangle published by the United States 
Geological Survey (figure 1). This map shows some of the islands off 
the coast of Maine and the contour of the sea floor. Dr. Laurence La- 
Forge” suggested that this escarpment may be a wave-cut cliff, and he 
considered also the alternative conception that it is a fault scarp, but 
in view of the existence of neighboring scarps having different trends 
and of platforms at several depths he decided that it was probably caused 
by marine erosion. 

D. W. Johnson has given us the most complete consideration of this 
escarpment in his masterly treatise entitled “New England-Acadian 
shore lines.” * This book not only presents an excellent analysis of 
coastal forms and processes but has been a pioneer in the consideration 
of the origin of certain types of submarine topography. Johnson gives 


1 Manuscript received by the Secretary of the Society March 6, 1930. 
*Letter to D. W. Johnson, quoted in his New England-Acadian shore line, p. 288. 
3 Pp. 286-294, 
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several objections to the theory that the Great Wass Island escarpment 
was formed by wave erosion. He notes that “the base of the escarp- 
ment is 240 feet below sealevel at one point and only 140 feet [below it] 
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FIGURE 2.—Sketch Map of the Floor of the Gulf of Maine 
From Johnson: New England-Acadian shore line, page 295. 


less than a mile away.” Concerning the correlation of platform levels, 
suggested by LaForge, he writes: “There does not appear to be any 
such correlation between them where found developed in different places, 
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as should be expected if they were developed by marine erosion of an 
intermittently subsiding coast.” He adds that the great amount of 
erosion required to form a sea cliff so straight from an irregular shore 
line would have filled the depressions and covered up the hills that lie 
beyond the escarpment. These and other considerations make it appear 
unlikely that this submarine cliff in its present condition is a product 
of marine erosion. 


Depths in Feet 
2 + £ 


Nautical Miles 


KIGURE 3.—Plan of ocean Floor around Mount Desert Rock 
Supposed scarp marked F—F. Source: U. S. Coast Survey chart 1202 and sound- 
ings by writer. 


Studies of charts and submarine profiles led Johnson to believe that 
the scarp continued to the northeast (figure 2), forming the rectilinear 
shore line of Maine and its bordering submarine cliff and the relatively 
straight coast of New Brunswick beyond. Submarine profiles constructed 
by M. A. Stolfus and H. G. Bray under Johnson’s direction suggest that 
the scarp could be traced with some breaks for 175 miles southwest of 
Great Wass Island. The straightness and the continuity of the escarp- 
ment and the irregularities of the ocean bottom beyond the scarp caused 
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Johnson to conclude that it was produced by subaerial erosion along an 
ancient fault, which he named the Fundian fault. He cited the occur- 
rence of some faults along the coast of New Brunswick as an additional 
reason for this opinion and suggested that this fault-line escarpment 
might mark the contact between the Triassic beds under the Bay of 
Fundy and the old crystalline rocks on the northwest. 

The importance of the existence of a major fault in New England 
is emphasized by occasional earthquakes in this region, for it has been 
suggested that a renewal of movement along this old fault may cause 
these earthquakes. Thus it appears to be desirable to reconsider the 
evidence concerning this escarpment. 


NATURE OF THE INVESTIGATION 


Considerable additional information bearing on the origin of the 
escarpments in this region has been obtained by the writer from the 
original charts of the United States Coast and Geodetic Survey. These 
charts include the results of two recent surveys by sonic sounding. In 
addition the writer made hundreds of new soundings along the scarps 
and a brief study of the geology of the coast. 


EXTENT OF THE ESCARPMENTS 


The new information obtained suggests that the Fundian escarpment 
is not so continuous nor so extensive as Johnson believed. The Great 
Wass Island escarpment, for example, comes to an end a few miles south 
of the island. This fact is suggested by the chart (figure 1), but it was 
amply verified by new soundings. There is almost no evidence of the 
reappearance of the escarpment farther southwest. When considered 
in plan the moderately steep slopes that Johnson labeled “Fundian fault” 
on his profiles do not appear to be continuous. Johnson’s best evidence 
for the southwest continuation of the escarpment is furnished by a pro- 
file across Mount Desert Rock. Some additional soundings in the 
vicinity revealed the conditions shown in figure 3. A recent Govern- 
ment survey by echo soundings formed the basis for figure 4. There 
is no sign of an escarpment along the supposed trace of the fault or in 
other places. 

If the Wass Island escarpment continues to the northeast, it appears 
to extend up Machias Bay rather than along the outer coast (figure 1). 
There is a coastal escarpment to the east, however (figure 5), which ex- 
tends as far as the New Brunswick line, where it curves into the inden- 
tation forming Passamaquoddy Bay. Farther east the submarine escarp- 


— 
2 
a 
2 
ag 
i 
= 
agai 
Be 


Figure 4.—Ocean Floor around Ie 
Supposéd scarp marked F—F. Based on original su 
Soundings closely space 


7 
4 
> 
4 / way: | 
0 
: wae 


Depths in Feet 


Nautical Miles 
2 3° 


4 


=z 


around Isles of Shoals . 
riginal survey 4805, U. S. Coast Survey. 
sely spaced. 


! 
ra) 
‘ 
3 
/ 4 
(had 
° — 
/ 450 
a } 
° { 
s 
Qa 
/ 
D 
yy, 
By 
o~ 
| 


SOUNDINGS IN FEET 


CONTOUR INTERVAL- 25 FEET. s 


7 
NAUTICAL MILES 


44°40: 


S773- 


Figure 5.—£ 
Illustrating the escarpment and ha 


3 


\ 


10 


5.—Eastern Coast: of Maine 
ent and hanging valleys. Source: U. 8. Coast Survey” 
chart 


5 
) 


NEW BRUNSWICK 


FiGure 6.—Bay of Fundy 
Source: Various charts U. S. Hydrographic Office and Canadian Hydrographic Office. 
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Figure 7.—Enlargement of Portion of Figure 6 
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ments are not very pronounced and are certainly not continuous (figure 
6). A view on a larger scale (figure 7) shows parts of the escarpment 
to better advantage. Opposite the southeastward-sloping scarps there 
are scarps that slope to the northwest. 


INTERPRETATION OF THE ESCARPMENTS 
THEORY OF GLACIAL EROSION 


A comparison of the escarpments of the Bay of Fundy with the sub- 
marine topography of other parts of continental shelves shows that 
these escarpments are not unique. Comparable features are common 
along other glaciated coasts. Accordingly it seems that one possible 
interpretation of the escarpments has been overlooked, namely, that they 
may have been formed in part by glacial erosion.* The straight walls 
of glaciated valleys are so common that their straightening and steepen- 
ing by glacial erosion is generally recognized by geologists. Fiords in 
different parts of the world show these characteristic straight lines. A 
suggestion that these fiords were the result of faulting*® was answered 
by Johnson ® most convincingly. 

The suggestion that the scarps are of glacial origin is likely to meet 
with two objections: First, Johnson and others have noted that the 
quantitative effect of ice erosion along the coast of Maine was slight; and, 
second, most of the striations along that coast point to the southeast. 

In answer to the first objection it may be said that erosion by a glacier 
crossing the dominant structure and working on resistant crystalline 
rock would not be nearly so effective as erosion by a glacier moving down 
a valley along the structural trend in soft rock. The Maine coast repre- 
sents the first situation; the Bay of Fundy represents the second, at 
least as regards structure, and probably as regards weakness of rock. 
Fiords and glacial notches have been carved out of the granites of Mount 
Desert Island. Moreover, there are several very deep rock-rimmed de- 
pressions in bays along the coast of Maine and in Passamaquoddy Bay, 
to the northeast. Figure 8 shows one of these depressions in Penobscot 
Bay. <A core taken from the bottom by Stetson 7 showed that this depres- 
sion is covered with silt. If the depression is the result of tidal excava- 
tion this silt is difficult to explain. Also the tide at this point is far too 
weak to produce the depression. Thus the crystalline rocks afford evi- 


4Shaler interpreted the Bay of Fundy as a fiord (Thirteenth Ann. Rept. U. S. Geol. 
Survey, pt. 2, 1. 161) but gave no reasons for the interpretation. 

5J. W. Gregory: Nature and origin of fiords. London, 1913. 

6D. W. Johnson: Science, n. s., vol. 41, 1915, pp. 537-543. 

7H. M. Stetson: Personal communication. 
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Figure 8.—Depression of Ocean Floor in Penobscot Bay 
Source: Original chart 1086, U. S. Coast Survey and soundings by writer. 
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dence of significant glacial erosion, and it is not difficult to suppose that 
a glacier moving down the Bay of Fundy would cause greater erosion. 

In answer to the second objection we can point to the traces of many 
glaciers that advanced down valleys at right angles or nearly at right 
angles to the general direction of the movement of the ice. It is just 
as conceivable that the Bay of Fundy was the site of a glacier during 
some stage of the glacial period as that the basins of the Great Lakes, 
the submarine trough off southern Norway, and the Straits of Georgia 
in British Columbia were the sites of glaciers. Numerous fiords along 
the Alaskan and Norwegian coast were cut almost at right angles to 
the dominant movement of great ice masses. 

This conception is supported by field evidence. In an attempt to show 
that Newfoundland was a center of ice dispersion Wilson ® cited stria- 
tions in Nova Scotia and New Brunswick pointing south and southwest, 
both along the Bay of Fundy and farther east, in Nova Scotia and Cape 
Breton Island. Goldthwait,® on the other hand, thought that these stria- 
tions were produced by an ice-sheet that crossed the Gulf of Saint Law- 
rence from Labrador, and reached northeastern Nova Scotia. A tongue 
of this ice-sheet would naturally have advanced down the Bay of Fundy. 
Striations found by several geologists and plotted on figure 9 with solid 
arrows suggest such a glacier. The double-ended arrows mark stria- 
tions that have been cited as due to a northeastward motion of the ice. 
No evidence has been given that the motion was not to the southwest. 
Accordingly these striations may also be evidence for the Fundian glacier. 
There is more evidence of glacial movement at right angles to the Bay 
of Fundy than along it. The ice moved in the general direction shown 
by the arrows with dashes in figure 9, and it certainly crossed the bay 
at times. The striations suggest different stages of glaciation. As the 
sea covers most of the area assigned to the Fundian glacier the field 
evidence for it is as good as could be expected. 


PATTERN OF GLACIERS 


The scarps are so arranged as to make it unlikely that they were 
formed entirely by one glacier coming down the Bay of Fundy. It 
seems more likely that they were formed by several glaciers, as shown 
in figure 9. A large glacier coming down Passamaquoddy Bay from 
the main ice mass to the northwest could have formed the deep trough 
that extends around the north and east coast of Grand Manan (figure 


8 J. H. Wilson: The glacial history of Nantucket and Cape Cod. New York, 1906. 
°J. W. Goldthwait: The Physiography of Nova Scotia. Geol. Survey Canada, Mem. 
140, pp. 72-81. 
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Figure 10.—Comparison of Profiles of Bay of Fundy and outer Portions of Fiords 
Locations are as follows: 
A Latitude 44° 20’ north, Longitude 66° 35’ west D Latitude 69° 31’ north, Longitude 33° 10’ east 
B Latitude 44° 39’ north, Longitude 67° 02’ west E Latitude 52° 40’ south, Longitude 74° 40’ west 
C Latitude 55° 41’ north, Longitude 4° 50’ west F Latitude 49° 46’ west, Longitude 55° 39’ west 
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7). <A branch of this glacier might have spilled over the low ground 
between Grand Manan and the mainland, carving out Grand Manan 
Channel. Another glacier coming down Machias Bay from the northwest 
could have bent to the southwest on meeting the Grand Manan tongue 
and have cut the Great Wass Island scarp. Thus it appears that the 
glacial theory does not depend entirely on ice movement from the north- 
east. 
TESTS OF THE THEORY 


It remains to consider whether the scarps are characteristic of glacia- 
tion or of river erosion along a fault. It should also be borne in mind 
that glacial action may produce a scarp along a fault. The scarps may 
have been produced in part by either river erosion or wave erosion and 
later steepened and enlarged by glaciation. 

If the Bay of Fundy represents a submerged valley having a fault 
line scarp on one side, the following conditions might be found: 


1. Distinctly asymmetrical profiles across the Bay. 

2. Tributary valleys cutting through the escarpments and extending 
beyond. 

A submerged valley floor, graded except where the tide is concentrated 
in narrow passages. 

4. Evidence of a fault zone along the exposed upper part of the scarps. 


On the other hand if the bay was formed by glaciation the following 
features might be expected : 
1. U-shaped or trough-shaped profiles. 
2. Hanging valleys on the sides. 


3. Basin depressions on the floor beyond the escarpments. 


TRANSVEKSE PROFILES 

Deep, relatively narrow U-shaped valleys like the Latterbrunnen in 
Switzerland are the products of glaciation in high mountainous regions, 
and broader troughlike depressions are the products of glaciation in 
regions of lower relief. It is with these broader depressions that we 
should compare the Bay of Fundy. The outer parts of glacial fiords 
present a fertile field for comparison. In order to make this compari- 
son a large number of profiles were drawn, and the results appear to be 
conclusive. The scarps of the Bay of Fundy are similar to those along 
the sides of the outer parts of fiords (figure 10). The comparison of the 
upper part of Somes Sound, a fiord on Mount Desert Island, shows a 
remarkable resemblance to the topography off the Great Wass Island 
group (figure 11). The Bay of Fundy affords little suggestion of the 
asvmmetrical profile that would be expected under the fault hypothesis. 
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CONSIDERATION OF DETAILS OF SCARPS 


In the vicinity of Great Wass Island there are several small U-shaped 
valleys that are clearly the products of recent glaciation. These are 
sheltered from wave attack. The details of the slopes of these valleys 
were obtained by taking simultaneous soundings from the bow and 
stern of a rowboat moving along and across the scarps. The same 
process was employed along the Great Wass Island scarp. The results 
showed that the slopes in the two places are very much alike. The 
granite, which was traced around some of the tributary valleys, shows 
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Ficure 11.—Comparison of Profiles off Great Wass Island Scarp with northern LDor- 
tion of Sommes Sound 
Sommes Sound is a fiord on Mount Desert Island. Vertical x 10. 


no evidence of a fault on either of their sides. The scarps in these 
tributaries are clearly due to glaciation, and the fact that they resemble 
the Wass Island scarp indicates the same cause for all. 

Talus cones and alluvial fans abound at the base of fault-line scarps, 
but soundings along the base of the Wass Island scarp showed no such 
deposits but indicated the presence of rock bottom and marked irregu- 
larities. The absence of such deposits does not disprove that the scarps 
were formed by streams, but it strongly suggests that glaciers moved 
along their bases, for if they did not the absence of detritus is difficult 
to understand. Glaciers moving at rightangles across scarps, previously 
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cut, would have failed to remove débris and the scarp bases are there- 
fore at least suggestive of longitudinal glaciers. 


HANGING VALLEYS 


Tributary valleys coming into a mature valley cut by streams are 
normally graded. Hanging valleys may be produced by wave erosion or 
by glaciation. Wave erosion does not appear to have been an agent in 
the formation of the scarp here considered, and the presence or absence of 
hanging valleys therefore appears to be one test of the theory presented. 
The charts indicate hanging valleys at several places, especially along 
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Figure 12.—Longitudinal Profile of a hanging Valley 
Vertical 10. 


the Maine coast (figures 1 and 5). Detailed soundings were made off 
some of the tributaries. In at least one place the slopes were fully as 
steep off the inlet as along the rest of the escarpment (figure 12). 
Soundings made along the bases of the escarpments show clearly that 
the tributaries did not continue out upon the floor beyond. 


DEPRESSIONS OUTSIDE THE SCARPS 


The floor of the Bay of Fundy is not graded. At least 200 feet below 
its outer margin it contains a large depression (figure 7), which exists 
despite the grading that the tides are said to produce in this part of the 
bay.’° Farther northeast, where depressions are not so conspicuous, the 
tides may have accomplished considerable grading. On the other hand, 
in the narrows at the head of the bay the tides have been strong enough 


WJ. W. Goldthwait: Physiography of Nova Scotia. Geol. Survey Canada, Mem. 
140, p. 127. 
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to prevent deposition rather than to cause it. These narrows contain 
deep depressions. 


SIMILAR TROUGHS OFF OTHER GLACIATED COASTS 


The Fundian trough resembles greatly the outer parts of fiords off the 
coasts of Norway, Alaska, British Columbia, and Patagonia. It is prob- 
ably significant that this type of trough is not found off unglaciated 
coasts. On the other hand, submarine valleys are relatively common off 
most coasts. The valleys off unglaciated coasts are predominantly V- 
shaped and most of them grade outward, whereas the troughs off glaci- 
ated coasts are broadly U-shaped and their greatest depths are well in 
from their outer limits. The distribution of the troughs is shown in 
figure 13. Many of the troughs can be traced to the edges of the con- 
tinental shelves. 


EVIDENCE AFFORDED BY GEOLOGICAL STRUCTURE 


Even if the scarps were cut by glaciers, they might have been cut along 
fault lines, as they are said to be in a number of fiords. Evidence has 
been presented to show that the scarps may have been produced with- 
out faulting. It remains to consider whether there is independent evi- 
dence of faulting. 

Only the upper parts of the scarp stand above vater. If these ex- 
posed parts had been glaciated, such features as fault slickensides and 
fault gouge would scarcely have persisted. On the other hand, zones 
of brecciation and shatter zones, which are commonly rather wide next to 
a fault, might well have been preserved. 

The upper parts of the scarp in the Wass Island regions were ex- 
amined and no evidence was found suggesting faulting. To the north- 
east, where this scarp appears to extend up Machias Bay, the islands 
show schistosity and gneissic banding parallel to the scarp. Therefore 
there is no direct evidence of a fault. 

No faults have been reported farther east in Maine along the coast. 
Only reconnaissances have been made here except in the Eastport quad- 
rangle, so that the evidence is not complete. Off the scarp at Cutler 
Harbor there are some small islands, which appear to be formed of the 
same type of rock that is found on the adjacent mainland. Here again 
there is no evidence to suggest the Fundian fault. 

Along the coast of New Brunswick the submarine scarps are not so 
prominent as in Maine. The Wolves, a group of islands off the south- 
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FiGuRE 13.—Location of principal submarine Troughs similar to_ that of the Bay of Fundy 
Many of these cross the continental shelf. 
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west corner of New Brunswick, show the same kind of rock that is found 
on the mainland." 

Some faults along the coast, however, have been reported by Powers.?? 
These have a curved trend, so that they do not appear to be the cause of 
a straight scarp. On the other hand, Dr. A. O. Hayes ** reports that 
a large number of faults in New Brunswick extend roughly parallel to 
the coast. He is of the opinion that the coast may follow certain 
minor discontinuous faults at some places and that it may follow uncon- 
formities elsewhere, and that at still other places it may follow normal 
sedimentary contacts. 

To sum up, the structure does not suggest that a main fault follows 
the northwest side of the Bay of Fundy. On the other hand, parts of 
the scarps along the New Brunswick coasts may have been cut along 
some of the numerous faults there. 


EARTHQUAKES 
The studies of J. B. Woodworth led him to believe that earthquakes 
may have formed such a feature as the Fundian fault, but he published 
no evidence to sustain that belief. Dr. Arthur Keith has recently made 
much more complete studies of the earthquakes of New England and 
his results have not verified Woodworth’s opinion.1* There appears to 
be no relation between the earthquakes and the escarpments. 


CoNCLUSION 

The conclusion reached from these studies is that the evidence does 
not justify the application of the name Fundian fault to the escarp- 
ments along the northeast coast of Maine and New Brunswick. The 
trough-shaped depressions, the hanging valleys on the sides, the stria- 
tions and other features point to a glacial origin or at least a glacial 
modification of the scarps. On the other hand, some parts of the scarps 
may have been cut along old faults. 
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11 Letter from Dr. Wyatt Malcolm, of the Geological Survey of Canada. 
1228. Powers: The Acadian Triassic. Jour. Geol., vol. 24, pp. 6-12. 

13 Personal communication. 
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Part I. A Srupy or INcLusions 1n tHE LopoLitH 
INTRODUCTION 
The idea that a batholith may make extensive progress upward by 
stoping its roof? is now widely accepted. It is generally agreed that 
blocks of the roof become incorporated in the magma and that they 
are likely to undergo some corrosion or assimilation if they fall into the 
magma before it reaches the last stage of solidification. It is perhaps 
not so generally agreed whether the blocks are large or small, whether 
many sink to great depths, or whether the assimilation is so extensive 


1 Manuscript received by the Secretary of the Society April 5, 1930. 
Published by permission of the Director of the Minnesota Geological Survey. 
2R. A. Daly: Igneous rocks and their origin. McGraw-Hill, 1914, pp. 194-208. 
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that it may produce notable effects in the upper zones of the batholiths 
later to be exposed to observation. 

It has long been known that the Duluth gabbro lopolith contains, 
in its lower part,* an abundance of large fragments, but there has been 
some confusion as to the nature of the material of these masses and 
practically no estimates of its quantity are available. Recently it has 
been possible to explore eleven strips, arbitrarily spaced, across the 
lower zone of the gabbro, where the structure indicates that the xenoliths 
had reached depths properly classed as abyssal. These explorations are 
the basis of the following report. 

I am indebted to the Director of the Minnesota Geological Survey 
for permission to do this work and to use its results. I have made use 
of notes accumulated by the Minnesota survey during the last fifteen 
years. Some of the anaylses have been obtained by the use of the re- 
search funds of the Graduate School of the University of Minnesota. 

The uncertainty about the behavior of roof blocks and other inclu- 
sions (xenoliths) in a batholith is a result of the great depths to which 
the blocks may sink—far beyond the zone of observation. It is chiefly 
because we find no floor under most granite batholiths that we have come 
to think of them as having deep roots rather than a floor. The problem 
must necessarily be attacked indirectly, for the supposed roots are too 
far down to be exposed by erosion. The first basis for inference is natu- 
rally the condition of some large intrusions—laccoliths and sills—that 
have floors. In presenting the stoping hypothesis Daly did not ignore 
this evidence; he remarked that stoped blocks might be found on the 
floors. Although a few inclusions have been observed in floored intru- 
sives, the general evidence is negative; and Daly concludes that per- 
haps, from the nature of the case, such intrusives can be of no great 
value to the hypothesis. 

At the time Daly wrote, little emphasis had been placed on the 
largest known intrusives that have floors—the lopoliths. Probably no 
rocks exposed at the surface have been subject to conditions more like 
those affecting batholiths than these large masses. It is clear that they 
do have floors, and it is probable that those floors did not sink to depths 


3N. H. Winchell: The geology of Lake County. Geol. and Nat. Hist. Survey of Min- 
nesota, Final Report, vol. 4, 1899, pp. 302-304. 

U. W. Grant: Geol. and Nat. Hist. Survey of Minnesota, 24th Ann. Rept., 1893, 
p. 146. 

A. Winchell: Geol. and Nat. Hist. Survey of Minnesota, 21st Ann. Rept., 1893, 
p. 146. 

A. N. Winchell: The gabbroid rocks of Minnesota. Am. Geologist, vol. 26, 1900, 
p. 359. 

*R. A. Daly: Mechanics of igneous intrusion. Am. Jour. Sci., vol. 15, 1903, pp 
285-286. 
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comparable with batholith roots, yet the structures of the basins in which 
they are found indicate depths comparable with that of the earth’s 
“crust” as commonly defined—10 miles. And if these are the closest 
approach we can observe to batholith roots, they are worthy of careful 
examination as to the occurrence and condition of their xenoliths. - 
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Figure 1.—Map of the Duluth Gabbro Area in Minnesota 


Showing by heavy lines the strips covered by detailed maps in figure 3, along the 
northern boundary of the gabbro. 


THE GEOLOGIC SETTING OF THE DULUTH GABBRO LOPOLITH 


The Minnesota area of the Duluth gabbro lopolith is shown in figure 
1. Its structural relations are inferred in large part from an internal 
banding in the gabbro itself,> and in part from the positions of the 
adjoining formations. The angles of dip used in sketching the cross- 
section (figure 2) are drawn very moderately, many recorded dips being 
considerably above 15 degrees. No extensive area shows dips in other 
directions such as to suggest folds or faults that would modify the esti- 


5Frank F. Grout: Internal structures of igneous rocks. Jour. Geology, vol. 26, 
1918, pp. 439-458. 
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mated structure. The escarpment at the north shore of Lake Superior 
suggests that faulting may have reduced the width of the outcrop of 
the gabbro rather than increased it. Thus as the estimate of both the 
width and angle of dip are moderate the estimate of the depth of the 
floor is none too great. The roof over the mass is of uncertain thick- 
ness, but it seems safe to say that much of the gabbro and its inclusions 
near the base cooled at depths of more than 10 miles, and the forma- 
tions in the floor have apparently been subjected to the pressure of a 
still greater overburden of rock. 

Some parts of the area of the Duluth gabbro are concealed under 
glacial drift. Of the well-exposed areas, those showing magnetite ores 
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Ficure 2.—Section across the Duluth Gabbro 
The location is on the line AB of figure 1. K = Keewatin; stippled areas are sedi- 
ments of the Ogishke and Knife Lake slate. The sediments to the left of the gabbro 
area must have been more than 10 miles below the surface when the gabbro was in- 
jected, 


have been most thoroughly studied ; other areas are known in much less 
detail. Most of the ores lie within 2 or 3 miles of the northern border 
or base of the gabbro, but a few equally large deposits occur far to the 
south, as much as 12 miles from the basal border. All the magnetite 
deposits seem to be characteristically associated with xenoliths, and 
along the northern border several large gabbro exposures have xenoliths 
without much sign of magnetite concentrations. 


THE XENOLITHS 


Occurrence and source.—In all the weli-studied areas from range 1 
west to range 9 west the gabbro contains abundant fragments of rock 
of finer grain than normal gabbro, a rock with granulitic or globulitic 
or granoblastic texture, a true hornfels. The longer this rock is studied 
the more it proves to be the exact equivalent of the contact rock along 
the north side of the gabbro. All these xenoliths may eventually be 
studied with interest, but in the study of the problem of abyssal assimila- 
tion attention was concentrated on a zone 2 miles wide (about 2,500 
feet thick) along the base of the gabbro, where the width of the mass 
indicates especially deep abyssal action. Xenoliths are notably abundant, 
however, in places high above this zone. Some of the two-mile traverses 
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were ended in the midst of large xenoliths, and it is not yet possible 
to estimate the percentage of xenolithic material in the whole chamber. 

The top and the bottom of the gabbro are not in contact with the 
same formations. The roof above the red rock phase of the gabbro is 
composed chiefly of Keweenawan basalt and felsite, but the floor: is a 
basement complex of Keewatin greenstone, Ogishke conglomerate, Knife 
Lake slate, Animikie slate and iron formation, intrusive diabase, and 
granite. Some of these rocks can be recognized by peculiar petro- 
graphic features, even in the hornfels; for example, phenocrysts of labra- 
dorite persist in some hornfels recrystallized from diabase; some horn- 
fels inclusions near the Ogishke contact rocks still show traces of 
pebbles; and the iron formation yields a quartz-amphibole-magnetite 
rock. A much less certain identification of slate hornfels is based on 
its banded structure, and the graphitic minerals * and cordierite suggest 
sediments. No granite has been observed as inclusions. 

Au inspection of the map of the Vermilion district’ shows that the 
floor of the gabbro for many miles is slate. As inclusions in the gabbro 
are abundant near this contact, the tendency is very strong to assume 
that they were formed by the metamorphism of fragments of slate. At 
a few places this assumption is justified by the position of the fragments, 
which are apparently only slightly disturbed from their original posi- 
tion, and by a petrographic character and banding exactly analogous to 
that in the slates of the adjacent contact zone. The banding of the 
more remote xenoliths may be a result of schistose structure rather than 
of sedimentary bedding, but a quantitative study of the map indicates 
that there is ten times as much sediment as greenstone in the contact 
zones from range 1 west to range 9 west, where the gabbro is exposed 
in its greatest thickness. 

Besides all these rocks there is abundant hornfels of more uncertain 
origin. This hornfels may have been derived in part from less banded 
slates, in part from greenstone, and in part from the roof rocks of the 
Keweenawan basalt flows. 

It is noteworthy that the only formations positively identified in the 
xenoliths are those now found in the floor and not in the roof of the 
gabbro. This strongly suggests “underhand” stoping, for there is no 
clear indication that the floor formations ever existed in the roof; at 
the ends of the gabbro, where it thins out, both the floor and roof are 
Keweenawan flows. Probably only about 5 or 10 per cent of the xeno- 


6 Alexander Winchell: Geol. and Nat. Hist. Survey of Minnesota, Sixteenth Ann. 
Rept., 1888, p. 355. 

7 J. M. Clements: The Vermilion iron-bearing district. U. S. Geol. Survey Mon. 45, 
pl. II. 
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liths can be thus related to porphyry, or to iron formation, and not 
more than 25 per cent can be related to any particular underlying for- 
mation. More than half of the xenoliths are massive, and these may 
be slates recrystallized into massive rocks or, possibly, basalt flows 
stoped in from the roof. A few large massive xenoliths are associated 
with altered iron formation, quite conclusively proving their derivation 
from underlying formations. For example, on the north shore of 
Fraser Lake, in central Lake County, there is a hornfels with plagioclase 
phenocrysts. This hornfeis closely resembles some porphyritie flows 
from the gabbro roof and some Logan sills in the Rove slate below; but 
it must be considered a Logan sill because it is associated with iron 
formation. Ordinarily the recrystallization of a Keweenawan_ basalt 
makes it indistinguishable from the hornfels derived from a Keewatin 
basalt or a Logan sill of diabase. 

Petrographic and chemical characters—The xenoliths are sugary 
grained and nearly all of them weather brown. They usually contrast 
with the gabbro sharply in texture, but in a few places there are rocks 
of uncertain character.* 

The minerals of the hornfels are in most outcrops the same as those 
of the gabbro—plagioclase, olivine, pyroxene, and magnetite. A few 
xenoliths of iron formation contain quartz and a group of less common 
dark silicates. Probably a fair percentage of the hornfels carries cord- 
ierite, but this is not easily distinguished in the field.®° Graphite and a 
variety of other minerals are found in a few places. 

With rocks so nearly of the same nature as the gabbro, the textural 
differences become of special importance. Few xenoliths (except iron 
formation) have grains above 1 mm. in diameter; rarely some coarse 
poikilitic biotite occurs with inclusions about 1 mm. in diameter. In 
sharp contrast with these measurements the gabbro rarely has an equi- 
granular texture with grains less than 2 mm. in diameter. The few 
outcrops having intermediate grain may have been sills in the Animikie 
that were diabase coarser than the average hornfels before their inclu- 
sion in the gabbro. Such materials of uncertain character make up 
much less than 1 per cent of the outcrops seen and can not essentially 
modify the conclusions. 

Most significant are the changes in the composition of the slates in 
the contact zone. The fresh slates are very uniform in character over 


8 The conclusions of the Final Reports of the Minnesota Geological and Natural His- 
tory Survey, as stated in vol. 4, p. 302, and vol. 5, pp. 980-987, emphasize these doubt- 
ful rocks. The gradation to gabbro which they report has not been verified. The 
gabbro shows no good chilled phases. 

*A. N. Winchell: Op. cit., pp. 294-306. 
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TABLE 1.—Analyséa of typical Duluth Gabbro, the main Rocks in its Contact Zone, and its Xenoliths 


= Gabbro Formations in the gabbro roof and floor Xenoliths in gabbro 
5 1 2 3 4 5 6  g 8 9 10 11 12 13 14 
35.81 49.70 21.50 52.62 50.04 51.95 58.04 63.88 64.77 47.45 52.84 49.07 49.30 
a) 14.32 19.04 8.02 15.75 11.70 12.58 18.66 17.70 14.45 20.92 23.62 17.21 18.36 
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1. Olivine gabbro, Duluth. F. F. Grout, analyst. 
A 2. Trotolite, Duluth. A. N. Winchell, American Geologist, volume 26, 1900, page 284. 
3. Gabbro, Birch Lake. H. N. Stokes, analyst, American Geologist, volume 26, 1900, page 181. 

a 4. Iron formation, Birch Lake, in the gabbro. A. N. Winchell, American Geologist, volume 26, 1900, page 374. 
o 5. Basalt flow, wall rock of gabbro, Grand Marais. C. F. Sidener, analyst. 
My 6. Logan sill in slates of gabbro floor. R. B. Ellestad, analyst. 
~ 7. Ely greenstone, part of gabbro floor. S. Darling, analyst. 
= 8. Virginia slate, drill core, over 1,600 feet, from section 1, township 57 north, range 17 west. George Ward, analyst. 
a 9. Knife Lake slate, large part of gabbro floor, south of Tower, Douglas Manuel, analyst. 
N 10. Rove slate, part of gabbro floor, near Gunflint Lake. U.S. Geological Survey Bulletin 770, page 626, Analysis E. T. M.Chatard, analyst. 

11. Hornfels; inclusion in gabbro, Jordan Lake, near contact altered Knife Lake slate. W.S. Yarwood, analyst. 
« 12. Hornfels, ‘‘ cordierite norite,’’ near Snowbank Lake. A. N. Winchell, American Geologist, volume 26, 1900, page 374. 

13. Hornfels, banded; inclusion in gabbro. Bashitanaqueb Lake. A. D. Meeds, analyst. Minn. Geol. and Natural History Survey, twenty-first 

Annual Report, pages 150-151. 
14. Hornfels, ‘‘bedded,’’ Gabemichigama Lake. Yarwood and Grout, analysts, 
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many miles and show few extreme bands, but the slate in the contact 
zone has been so much modified in composition that it greatly resembles 
the gabbro. Such a contact belt is probably rarely more than a quarter 


of a mile wide, and at some places near small gabbro fingers, as at the 
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Showing the abundance of xenoliths. 


outlet of Jordan Lake, it is only a few feet wide. Nevertheless the 
gabbro, at least locally, obviously adds soda and other constituents to the 
contact rock. If the same action was carried slightly farther, as it must 
be in xenoliths, the composition of the hornfels would closely approach 


that of gabbro. 


The upper end of each map lies at the northern (or basal) contact. 
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xenoliths. 


The upper end of each map lies at the northern (or basal) contact. 


Showing the abundance of 
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At the few places where slate is intruded by gabbro lit-par-lit the 
rock is naturally of intermediate composition, but the hornfels here 
described is more uniform and appears to have been altered by a pervasive 


emanation. 
The specific gravities of the several rocks and the magma at the tem- 


peratures prevailing soon after the gabbro was intruded can be esti- 
mated only roughly, but in a study of abyssal action they should have 
a good deal of significance. 


Nstimated specific Gravity at 1,000 Degrees 


Hornfels (whether from slate or basalt or greenstone)..............4+ 2.9 


Although many of the xenoliths may have been heavy enough to settle 
into the magma, the difference in gravity between xenolith and magma 
is really not great. If it be granted that some xenoliths at early stages 
had a gravity nearer that of the slate, or at late stages were partly 
molten, almost mushy, their gravity may have been so nearly that of 
the magma that a slight circulation would have kept them in suspension. 

The detailed mapping.—In mapping the abundant xenoliths in gabbro 
several combinations had to be differently handled (see figure 3). Where 
small xenoliths were scattered in gabbro the percentage was estimated 
for the area of the outcrop mapped. Where the xenoliths were large 
the whole rock outcrop was mapped as inclusion. Some large xenoliths 
were injected by gabbro and its pegmatites, and again the percentage 
of foreign material in an outcrop as mapped was estimated. In one 
of the eleven traverses (in section 11, township 63 north, range 8 west) 
a considerable area showed a banded injection of gabbro in the hornfels, 
lit-par-lit on a large scale. The layers vary in thickness from a frac- 
tion of an inch to several feet, and some are hundreds of feet long. The 
schistosity that must have guided such an injection is now almost lost 
in the recrystallization of the hornfels. The structure was not found 
elsewhere, and the percentage of foreign matter was estimated for each 
outcrop, just as it was in the irregular inclusions. Where outcrops were 
poor or were covered with moss they were assumed to be gabbro until 
the presence of xenoliths had been proved. The estimates of the amount 
of included material are thus fundamentally moderate. 

Mapping was done in each township along two strips, which were 
selected to give a preliminary estimate of the proportion of xenoliths 
to gabbro in that township. One strip was a mile east and the other 
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a mile west of the central north-south line through the township. Range 
lines between townships had already been traversed, and enough informa- 
tion was at hand to make sure that their inclusion would not reduce the 
estimated percentage of xenoliths. These strips were chosen arbitrarily 
before the results of their selection could be known. 

By means of the maps of these strips the percentage of xenoliths in 
the gabbro can be estimated in several ways: 

1. The area of xenoliths actually seen may be considered the minimum, 
all the rest being considered gabbro. The result is a trifle over 5 per 
cent, but this is hardly a reasonable estimate of the true percentage. 

2. The outcrops of xenoliths make up 17 per cent of the total outcrops 
in the strips. 

3. A line drawn through the map on which the lengths of the inter- 
sections are the basis of an estimate (analogous to the Rosiwal method) 
gives 18 per cent. 

4. The outcrops may be used as a means of assigning to the concealed 
rock the nature of the nearest outcrop, and from these enlarged areas 
the abundance of xenoliths in the strip may be estimated at 15 per cent. 
This, the lowest of the careful estimates—15 per cent—is the percentage 
assumed in this discussion. It is believed to be a moderate estimate, 
because the strips do not pass through certain prominent exposures of 
hornfels that had been previously noted, such as one at Muscovado Lake, 
for example, the name of the lake having been derived from large out- 
crops of hornfels.?° 

These estimates involve certain assumptions that may require justifica- 
tion, notably the assumption that hornfels and gabbro are about equally 
resistant to erosion and equally likely to produce outcrops. If either 
formation is more resistant than the other its outcrops would be greater 
than its abundance. ‘To settle this question many close observations were 
made on outcrops of mixed materials, and they show no great difference 
in the rate of weathering of gabbro and hornfels. Everywhere the frag- 
ments of hornfels in the gabbro show neither pits nor projections. Along 
the ridges and swamps gabbro and hornfels occur indiscriminately on 
the crests, slopes, and bases of the ridges. A particularly good example 
of such a ridge, well exposed, occurs on the range line for a mile north 
of Tuscarora Lake. 


SUMMARY OF OBSERVATIONS CONCERNING ABYSSAL ASSIMILATION 
1, About one-seventh of the basal zone of the Duluth gabbro is made 
up of foreign xenoliths. 


U.S. Grant: Geol. and Nat. Hist. Survey of Minnesota, Final Report, vol. 4, 1900, 
pp. 462-480, 
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2. The blocks are not regularly distributed, some sections showing no 
foreign matter, others as much as 35 per cent of it. 

3. Thousands of exposed xenoliths range in diameter from an inch 
to a few feet. 

4, Two-thirds of the bulk of al] the xenoliths, however, is in large 
masses, some over 100 yards wide and several hundred yards long, and 
most of them oriented with the flow structure and banding of the gabbro. 

5. Most of the xenoliths have been altered, so that, whatever may have 
been their original minerals, their present minerals are those that are 
stable in a gabbro magma; and the whole xenolith resembles gabbro ex- 
cept in texture. 

6. The xenoliths do not seem to rest on one another as would a breccia 
with gabbro cement, but are isolated high in the mass of gabbro, which 
is so banded as to indicate movement during crystallization, probably 
with considerable turbulence. Winchell?’ saw an exposure on Gabimi- 
chigama in which the fragments supported one another above a base of 
contact rock, the gabbro forming a cement; but this is unusual in the 
gabbro as a whole. The bands bend out around the small xenoliths in 
typical flow structures. 

7. The diagrams show little to suggest a connection between xenoliths 
that occur two miles apart along the strike of the gabbro bands. The 
gabbro must not be considered a group of large sills that left the strata 
between almost undisturbed. The xenoliths are too often in haphazard 
position. The longest slab yet traced in a position parallel to the base, 
a position that makes the gabbro appear somewhat sill-like, is a belt of 
iron formation ?? north of Fraser Lake; and even this is broken and 
is truly a fragment in gabbro. There are, to be sure, thick sills above 
and below the gabbro, but they hardly suggest that the gabbro could be 
a result of an increase of the number of such sills.’* 

8. The gabbro near the inclusions is in most places not distinguishable 
from the gabbro farther away. Nearly all the gabbro is differentiated 
into bands, which vary from anorthosite to peridotite but are largely 
olivine gabbro and troctolite. In several places the abundance of mag- 
netite or the presence of quartz in the gabbro** suggests contamination 


11 Alexander Winchell: Minn. Geol. and Nat. Hist. Survey Ann. Rept., vol. 16, pp. 
221-222. See vol. 5, Final Rept., p. 985. 

27, M. Broderick: The relations of the titaniferous magnetites of northeastern 
Minnesota to the Duluth gabbro. Econ. Geology, vol. 12, pp. 663 to 696 and fig. 36. 

13 J, M. Clements: The Vermilion iron-bearing district of Minnesota. U. S. Geol. 
Survey Mon. 45, pl. II and Atlas. The sills are shown, but *he Survey geologists agree 
that the gabbro is to be distinguished from such sills. 

144A. N. Winchell: Op. cit. pp. 353 and 358-9. 

W. S. Bayley: The eruptive and sedimentary rocks of Pigeon Point, Minnesota. 
U. S. Geol. Survey Bull. 109, 18938, p. 101. 
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by iron formation, chert, or quartzite. These are very rare near the 
xenoliths and the solution of foreign rocks is indicated mostly by the fact 
that fine-grained schlieren from a few xenoliths pinch out in a few feet 
among the gabbro bands, as if being dissolved. Theoretically also the 
occurrence of an acid upper differentiate above the gabbro '® is believed 
by some to be evidence of contamination. 

In most of these features the Bushveld lopolith complex ** gives the 
same sort of evidence as the Duluth lopolith, especially as to the large 
size of the xenoliths and their alteration before assimilation. 


WAS THERE MUCH ABYSSAL ASSIMILATION IN THE GABBRO? 


1. Clear evidence of the contamination of the gabbro is seen in those 
small outcrops of the gabbro that contain quartz and, possibly, excess 
magnetite; and in the abyssal zone here studied such outcrops occur only 
near some iron formation. As compared with the unassimilated iron 
formation the quantity of contaminated rock is very small. The effect 
seems to be local, and there is no reason to believe that much silica first 
dissolved and then differentiated through miles of olivinitic bands to form 
the upper zone of granite over the gabbro*’ In fact, the gabbro bands 
near most xenoliths are especially rich in olivine and low in augite; they 
are troctolites showing no sign of increase in acidity. 

2. All the xenoliths except those just noted as contaminating the gabbro 
with quartz were approximately of the composition of gabbro before they 
were assimilated. This fact is almost self-evident where the fragments 
are derived from tlie overlying basalt flows, the Keewatin greenstone, and 
the Logan diabase sills. The changes in the composition of the abundant 
slates are indicated by the analyses given in Table I. By the time the 
slate was in contact with an actually liquid part of the magma it had 
in it very little except the minerals of olivine gabbro. 

Now if gabbro magma dissolves a rock having the composition of 
gabbro, the process involves no heat generated by chemical reaction. The 
question is whether the magma has superheat enough to raise the tem- 
perature of the xenoliths and then to furnish latent heat for their fusion. 
Bowen has shown that such superheat as would dissolve 10 per cent of 
foreign rock must be relatively rare.** In the abyssal zone of the Duluth 
gabbro there are many more masses than were likely to be dissolved. 


%R. A. Daly: Igneous rocks and their origin, p. 312. 

1% A. L. Hall and A. L. duToit: Section across the floor of the Bushveld complex. 
Trans. Geol. Soc. South Africa, vol. 26, 1923, pp. 69-97 (especially p. 95). 

17 Frank F. Grout: Granite and anorthosite as differentiates of diabase at Pigeon 
Point, Minnesota. Bull. Geol. Soc. Amer., vol. 39, 1928, pp. 555-578. 
18N. L. Bowen: The evolution of igneous rocks. Princeton University Press, 1928. 
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This statement does not mean that solution by superheated magma did 
not occur, for a certain amount of it probably did occur. It means rather 
that (a) the amount and the nature of the material dissolved did not 
greatly affect the magma, and (b) the material stoped in was far greater 
in amount than that which was assimilated, even in the abyssal zone: 

3. Certain changes in the gabbro must have been made by a contact 
emanation that would change slate to hornfels of the composition shown 
in Table I. These changes are properly called differentiation by emana- 
tion rather than contamination, but as the contact-altered rock may later 
become a xenolith and be assimilated, the total change in the gabbro 
must be measured by the additions to the external contact zone and to 
those xenoliths that originally had a composition very different from 
that of a gabbro. The composition of the contact slate is certainly not 
altered to that of a gabbro for more than a mile on the present surface 
and probably for much less. Add to this, for the two-mile width of the 
abyssal zone, one-seventh of two miles for the xenoliths and reduce one- 
half because perhaps half was originally basalt, and we have a zone of 
slate affected amounting to less than one and one-seventh miles on the 
surface. With a dip of 14 degrees this means that about 2,000 feet of 
slate was altered. The emanations from 10 miles of average Duluth 
gabbro magma that would be needed to change 2,000 feet of slate to 
a gabbro would make only an insignificant change in the magma. Ten 
miles of magma contribute to produce alterations in 2,000 feet of rock, 
a ratio of 264 to 1. The constituent showing the most striking change 
is soda, which makes up about 0.5 per cent of the slate and 3.5 per cent 
of the gabbro and the hornfels. If 264 parts of gabbro contributed to 
1 part of slate enough soda to change its percentage from 0.5 to 3.5, the 
soda content of the gabbro would be reduced to perhaps 3.3 per cent 
instead of 3.5 per cent; it would remain quite normal gabbro. No other 
constituent than the soda indicates any great change in the gabbro. 

4, If, in spite of the chemical evidence of early contact action, it be 
insisted that some slate may have contaminated the gabbro, the nature 
of the contaminated magma may show whether any of the contaminated 
material exists in the abyssal zone. An addition of one part of slate 
to two parts of gabbro makes the gabbro notably high in silica and 
potash. An addition of, more slate than one part to two, leaves the 
gabbro with quartz in the norm. Such gabbro has been found at three 
places, but at two of these three places it was clearly contaminated with 
chert from the iron formation. No such siliceous rock has been found 
in the region of slate xenoliths, and this fact is further evidence of the 
lack of extensive slate contamination. 
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Parr IJ. A Discussion oF ABYSSAL EFFECTS IN BATHOLITHS 
GENERAL CONSIDERATIONS 


The data and logic used in a study of lopoliths can not be used with- 
out modification in a study of batholiths. Many batholiths are larger 
than lopoliths, the average batholithic rock exposed is more acid, and 
its bottom lies typically so deep that its nature and position can not be 
accurately inferred. 


CHANGES IN BATHOLITHS WITH DEPTH 


In outlining abyssal action in batholiths Daly *® presented evidence 
that the rocks below the granite zone seem to grade into basaltic masses. 
Such evidence continues to accumulate. Batholiths that show different 
phases in intrusive relations have more basic rocks earlier than granite, 
and those that show gradations show the basic rocks as chilled borders. 
The main chambers appear to have been occupied by basic magmas, 
many of them approximately basaltic; but at a late stage in the evolu- 
tion of the magma, granite was formed at the top of the chamber. This 
fact must indicate that the lower parts of the chamber are relatively 
basic. 

DEPTH OF BATHOLITHIC ROOTS 

Several lines of evidence converge to assign the bottoms of batholiths 
to great depths. First, nearly all batholiths increase in lateral extent 
as far down as they have been explored; second, the thickest intrusive 
that has a known floor is about 10 miles thick, so that intrusives that 
seem larger and thicker and show no floors are probably much more 
than 10 miles thick and possibly have feeders or roots at their bases 
rather than true floors; third, only the larger floored intrusives show 
a granite upper phase over an average gabbro in the main chamber, so 
that batholiths that show only a granite top are logically assumed to be 
still larger. The proportion of granite in the largest intrusives having 
floors is very significant; only 10 to 20 per cent of the intrusive is 
granite,” and if granite forms masses more than two miles thick, that 
two miles should be considered only about 10 per cent of the total thick- 
ness of the magma chamber. To be sure, several masses of granite are 
only moderately thick ** and have floors, but these masses may be small 
offshoots or apophyses from a larger batholith; they do not show the 
series of phases shown in larger masses and they are not associated with 


YR. A. Daly: Op. cit., p. 164. See also N. L. Bowen: Op. cit., p. 21. 

» Frank F. Grout: The use of calculations in petrology. Jour. Geology, vol. 34, 1926, 
pp. 548-551. 

21R. T. Chamberlin: The theory of laterally spreading batholiths. Jour. Geology, 
vol. 35, 1927, pp. 319. 
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ore deposits such as are characteristic of small cupolas on the really deep 
batholiths and stocks.?* Finally, there is no satisfactory theory as to 
how a large granitic magma can be generated except from deep-seated 
material, or roots. 

No one has yet proved that a really large mass of granite (one say, 
having an area of 5,000 square kilometers) has a floor rather than roots. 


ESTIMATED AMOUNT OF STOPING 


The data afforded by the Duluth gabbro suggest that the stoped blocks 
may constitute the equivalent of a zone less than 1,000 feet thick near 
the base of a magma 8 or 10 miles thick. If, as a liberal estimate, we 
assume that a little more was dissolved than remains in xenoliths, the 
total stoping done by a magma 10 miles thick might be equivalent to a 
mass of roof rock half a mile thick. Larger, more deep seated magmas 
might rise an even greater distance in the crust by stoping. Neverthe- 
less it is hardly likely that any magmas have risen from the deep interior 
of the earth wholly by stoping. There must be a transition between the 
conditions of magma generation at depth and the conditions of stoping 
near the surface. In the intermediate locations the heat is so great 
that rocks are rapidly recrystallized and the pressure is so great that 
open fractures are rare. Magma would rise by wall-rock adjustments 
of a sort that is properly classed as rock flowage, rather than stoping. 
Such a mode of rise is indicated by peripheral schistosity in the Black 
Hills, Dakota; in Bidwell Bar, California; and in Rainy Lake, Ontario. 

The bearing of this discussion of the total amount of stoping lies in 
the fact that even in the larger batholiths the total thickness of stoped 
material probably does not exceed the thickness of rocks near the sur- 
face where deformation by fracture largely dominates over deformation 
by rock flow. If, as is commonly assumed, batholith magmas are many 
miles deep and stoping is largely restricted to the upper two or three 
miles of the crust, the stoped blocks can not greatly modify the magma. 


SIZES OF BLOCKS STOPED INTO BATHOLITHS 


Daly ** indicates his notion of the size of blocks by contrasting a block 
of one cubic kilometer with the same volume of rock cubes measuring 
one to ten meters on the side. His idea of abyssal assimilation is based 
on the probability that much of the material will be in masses of the 
smaller sizes. Very little information is available as to the actual sizes 
of the blocks in granite areas. Large blocks, especially if similarly 


22W. H. Emmons: Metalliferous lode systems and igneous intrusives. Trans. Am. 
Inst. Min. and Met. Eng., vol. 74, 1926, p. 69. 
23R, A. Daly: Op. cit., p. 217. 
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oriented, are classed as roof pendants and so are eliminated from the 
count. After spending a few field seasons on the Vermilion batholith 
the writer recalls masses of all sizes up to half a mile wide and three 
miles long. A few such large blocks really involve more material stoped 
in than hundreds of small blocks. In the Duluth gabbro two-thirds or 
more of the stoped material appears to be in blocks or slabs over 100 
yards thick. At Marysville, Montana, similarly large blocks were caught 
being stoped in.** At Glen Coe especially large blocks seem to have sub- 
sided into the magma chamber,” and at North Conway, New Hampshire, 
stoped blocks may have been miles in diameter.”* 


RATE OF SETTLING OF XENOLITHS 


Even at high temperatures most solid rocks are probably heavier than 
granite magma, and would settle through the granitic upper phase of 
the magma rather rapidly unless the magmatic mass were very turbulent, 
as for example, when large volumes of gas were being expelled from 
the xenoliths. The large blocks would probably settle even faster than 
the small ones. Some igneous rocks show by their internal structure 
that a high degree of circulatory movement during crystallization is prob- 
able, but this is more characteristic of gabbro than of granite. The 
sinking of xenoliths may stir up a granite magma, but there is probably 
relatively little turbulence of other sorts to prevent the settling of xeno- 
liths. Brogger ** supposes that the fragments in Drammanfiord granite 
now rest on its floor. 

When xenoliths reach a depth below that of granitic magma their 
behavior may be estimated by analogy with the behavior of fragments 
in lopoliths. Much of the basic part of the magma may be solid, or at 
least “mushy,” before the magma reaches the composition of granite. 
In such a magma xenoliths would come to rest in the mushy, partly 
solid intermediate rock. On the other hand if xenoliths were incorpo- 
rated in the basic magma before the formation of granitic phases, the 
conditions as to turbulence and as to specific gravity are very uncertain. 
Again, the gabbro lopoliths seem to give us our best clue to the probable 
conditions. Some material might accumulate at depth, but it is not 
likely that a great pile of blocks rests on the floor of the chamber. They 
are suspended, probably, according to their density and the viscosity 
of the “mushy” portion of the magma. 


24 Joseph Barrell: Geology of the Marysville mining district, Montana. U. S. Geol. 
Survey Prof. Paper 57, pls. VII and IX, and p. 172. 
% Clough, Maufe and Bailey: Quart. Jour. Geol. Soc., vol. 65, 1909, p. 611. 
2M. Billings: Proc. Am. Acad. Arts and Sci., vol. 63, No. 3, 1928, pp. 67-137. 
27 Brogger: Die Eruptingesteine des Kristianiagebietes, vol. 2, 1895, pp. 133-134. 
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EFFECTS OF BATHOLITH MAGMAS ON XENOLITHS 


Granite magmas produce considerable contact effects at distances as 
much as 2,000 to 3,000 feet from the magma. Recrystallization and 
slight additions may extend much farther. The more distant effects, 
however, are local bunches, and the change in total rock composition ‘is 
slight.?* Probably the more intense effects seldom extend more than a 
few hundred feet, and it is not to be supposed that blocks about a cubic 
kilometer in diameter will be much modified. They will sink according 
to their specific gravity after recrystallization.*® Lit-par-lit injection 
will affect chiefly the outer parts and the smaller blocks. 

Gabbro magma affects inclusions for perhaps about the same distance, 
and the uniformity in the nature of the inclusions in the Duluth gabbro 
strongly suggests a more pervasive effect. Although many inclusions may 
have originally had a composition like that of gabbro, others certainly 
did not, and these have been “gabbro-ized” more thoroughly than most 
large inclusions in granite have been “granitized.” Similar effects of 
basic magma have been noted elsewhere.*° 


EFFECTS OF XENOLITHS ON THE GRANITE MAGMA 


The assimilation of certain inclusions and wall rocks by granitic 
magmas of batholiths has produced notable effects on the magma. Ex- 
amples are too numerous to list in detail. Most of them are examples 
of contacts of granite with some such rock as limestone, a rock very 
much in contrast to the magma. Whether the more abundant rocks— 
clay, basalt, and gneiss—are largely dissolved in granite magma is ques- 
tionable. The records suggest that little sediment is assimilated, and 
that it has slight effect.*t Basalt and related schistose rocks are also 
permeated by granite, forming gneiss, but without much effect on the 
granite near by. Theoretically also it is likely that most magmas have 
lost their superheat or become saturated before attaining a granitic com- 


3 Joseph Barrell: Igneous invasion and regional metamorphism. Am. Jour. Sci., 
vol. 1, 1921, pp. 1-19. 

2 Recrystallization in a magma, producing mostly minerals that are stable in the 
magma at the time. See N. L. Bowen: The behavior of inclusions in magmas. Jour. 
Geology, vol. 30, 1922, pp. 513-570. 

3>H. H. Read: Geology of the country around Bauff, Huntly, and Turiff. Geol. 
Survey of Scotland, Mem. 86 and 96, 1923. 

31N. L. Bowen: The evolution of the igneous rocks, 1928, pp. 215-225. Adams and 
Barlow: The Haliburton-Bancroft area. Geol. Survey Canada, Mem. 6, 1910. 

W. J. Miller: Magmatic differentiation and assimilation in the Adirondack region. 
Bull. Geol. Soc. Am., vol. 25, 1914, pp. 254-263. 

Frank F. Grout: The Vermilion batholith of Minnesota. Jour, Geol., vol. 33, 1925, 

po. 476-478. 
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position.** Daly,®* in describing his notion of assimilation, says: “On 
the stoping hypothesis, solution of the xenolith generally occurs in the 
lower, basic part of the magmatic chamber.” ‘Thus all the evidence 
tends to minimize the importance of assimilation by the granite magma 
as a factor in the development of batholiths. Such assimilation pro- 
duces some petrographically and economically interesting phases, but is 
only a minor factor in the growth of the batholith. 


EFFECTS OF XENOLITHS ON THE BASAL PARTS OF MAGMAS 

We have finally to consider the effect of xenoliths on the deeper, more 
basic phases of magmas of batholiths and on the earlier basic magma 
of the whole chamber before it becomes granitic. The preceding dis- 
cussion of the probable amount of stoping in comparison with the bulk 
of the magma is significant here. No very great proportion of stoped 
material can be safely assumed. It is known, however, from a number 
of classic examples, that xenoliths and wall rocks do locally modify 
basic magmas. It seems that we have no better way in which to esti- 
mate the effects of inclusions on the basic parts of batholiths than the 
effects in the deeper parts of lopoliths. Although the effects can be 
recognized near peculiar xenoliths like the cherty iron formation, and 
in the exchange of constituents in the xenoliths in the gabbros of Scot- 
land, both noted above, a broad experience indicates that these xeno- 
liths are negligible in comparison with the thousands of others that 
have been altered by contact metamorphism to a composition resembling 
gabbro without involving much change in the magma. Emanations 
change even the most abundant rocks, such as clays and graywackes, to 
the composition of a gabbro before gabbro magma assimilates them. 

Probably the most significant fact of all in this consideration of xeno- 
liths is the abundance of large masses that are not assimilated but that, 
having sunk to depths properly described as abyssal, are recrystallized 
and remain as xenoliths till they are finally cooled. This means that in 
batholiths having large vertical dimensions, such as seem to be typical, 
stoping detaches large blocks, which are sunk to depths beyond observa- 
tion, there to recrystallize, yet to remain essentially solid blocks. The 
small blocks, and probably small parts of the large blocks that dissolve, 
have no very considerable effect on the nature of the magma, because 
most of them, although they are still contact rocks, are altered to about 
the composition of the gabbro magma before they are included in it. 
Their assimilation does not explain the later or more acid phases of 
the batholith. The changes made in the magma by contact action are 


2N. L. Bowen: Op. cit., pp. 182-201. 
3 R. A. Daly: Op. cit., p. 217. 
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emanation effects rather than assimilation effects, and in lopoliths they 
seem to be of minor quantitative importance. The effect of such emana- 
tions from the Duluth gabbro, calculated above, probably indicates fairly 
well what may be expected from most of the deep-seated basic magmas 
of batholiths. 


SUMMARY 


The structure of the Duluth gabbro lopolith indicates that its floor 
reached depths that are properly described as abyssal. Along with other 
lopolithic intrusions, this one furnishes very suggestive evidence as to 
the condition and fate of xenoliths, and it is believed that this evidence 
may be applied to xenoliths in the deeper parts of batholiths. If so, the 
main bulk of material stoped into batholiths is in large blocks, which 
would sink rapidly, though perhaps only a few would reach the actual 
floor of the chamber. The xenoliths at depth are very thorougly re- 
crystallized and receive contact metamorphic additions from the magma, 
but a whole series of facts indicate that the amount of abyssal assimila- 
tion is small: 

1. The thickness of the material stoped into a batholith is small in 
comparison with the probable depth of the magma. 

2. There are few signs of assimilation or contamination of the igneous 
rocks near the abyssal xenoliths. 

3. As most of the material is in large blocks very little surface is ex- 
posed to the attack of magma. 

4, Finally, it is significant that a considerable number of large blocks 
remain undissolved and are now exposed, even after having been sub- 
jected to abyssal conditions in the large magma chambers. 

These features, all pointing the same way, have great cumulative 
weight. The petrographic features of batholiths were probably only 
slightly influenced by stoped fragments dissolved in the deeper parts of 
the chambers. 


XLV—BULL. GEOL. Soc. AM., VOL. 41, 1930 
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GENERAL CONDITIONS AFFECTING PENEPLANATION 


The salient facts in the history of the Appalachian peneplains are (1) 
irregular depression and sedimentation during all of Paleozoic time, the 
sediments reaching a thickness in the area of greatest depression of about 
40,000 feet; (2) the folding of these sediments, as if by compression 
from the southeast, involving a shortening of many miles, possibly 100 
or more, and the uplift of the folds (as restored) of 30,000 to 40,000 feet, 
as measured by the thickness of the beds above the crystalline rocks now 
exposed in the anticlines; (3) (after block faulting in Upper Triassic 
time) the erosion of the upfolded strata until, possibly, a peneplain was 


formed. 
CRITERIA FOR DETERMINING THE AGES OF PENEPLAINS 


The surest way to determine the age of a peneplain is to trace it, if 
possible, into a plane of contact between sediments of known age. The 
lack of recognizable Jurassic sediments in the Atlantic Coastal Plain 
and in the Piedmont region has led to the conclusion that the eastern 
part of the United States stood above sealevel throughout Jurassic time. 
At the beginning of Cretaceous time the area along what is now the 
Atlantic coast began to sink, and the sinking at times extended west- 
ward as far as the Delaware River or beyond it. As this area sank below 


1 Manuscript received by the Secretary of the Society July 31, 1930. 
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sealevel it began to receive Cretaceous deposits formed by the erosion 
of the upfolded Paleozoic beds of the Appalachian area. The surface 
on which these oldest Cretaceous sediments were laid down was evi- 
dently a surface of low relief, possibly a peneplain. Was this peneplain 
the Kittatinny peneplain whose traces we now find in the mountain tops 
and higher plateaus of the Appalachian region? The Kittatinny pene- 
plain, which starts at an altitude of about 400 feet above sealevel at 
Germantown, rises toward the north at the rate of 1814 feet to the mile, 
and toward the northwest or west at the rate of 13 feet to the mile. In 
New Jersey the surface upon which the Upper Cretaceous deposits were 
laid down is said to have a seaward gradient of 50 feet to the mile; the 
Lower Cretaceous deposits do not outcrop.2, In Maryland the gradient 
of the old surface ranged from 50 to 200 feet, and its general average is 
about 75 feet. Obviously either this peneplain was deformed at about 
the point where it emerges at the surface; or otherwise it would rise very 
much higher than the present peneplain. Certain deposits on the up- 
lands around Philadelphia have been mapped as Cretaceous. If the age 
of these deposits has been correctly determined the surface on which 
they lie is evidently of pre-Cretaceous age. In Cecil County, Maryland, 
Cretaceous deposits extend from an area just north of the Baltimore and 
Ohio Railroad near Perryville to an area north of Woodland, rising 260 
feet (from 180 to 440 feet) within less than 5 miles, or more than 50 
feet to the mile. A rise at that rate for another 5 miles would have car- 
ried the surface 700 feet above sealevel (440 plus 260), whereas only a 
few hills within that distance reach 500 feet above sealevel. The ab- 
sence of land and of Cretaceous deposits at that elevation suggests 
strongly that the pre-Cretaceous surface just east of the Susquehanna 
River goes “into the air” and that the Kittatinny peneplain of that area 
is of much later date. 

In drawing cross-sections to show the relations of the traces of the 
peneplain in the Appalachian region to the old surfaces that lie under 
the coastal deposits of New Jersey and Maryland, several geologists have 
bent the pre-Cretaceous surface down to the lower gradient of the hill- 
tops of today.* 

Basal Cretaceous sediments (Patuxent) in the valley of White Clay 
Creek, near Harmony, in the Wilmington quadrangle, are mapped at an 


2J. Volney Lewis and Henry B. Kummel: The Geology of New Jersey. New Jersey 
Geol. Survey Bull. 14, 1915, p. 72. 

3 Maryland Geol. Survey, Lower Cretaceous, 1911, p. 62. 

*F, Bascom: Cycles of erosion in the Piedmont province of Pennsylvania. Jour. 
Geology, vol. 29, no. 6, p. 544. G. W. Stose: High gravels of Susquehanna River. 
Bull. Geol. Soe. America, vol. 39, opposite page 1076. 
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altitude of less than 20 feet above sealevel. Less than a mile north of 
this valley, a hill that stands 290 feet above sealevel bears no trace of 
Cretaceous sediments either on its top or on its flanks. In the south- 
west corner of the Chester quadrangle ® Lower Cretaceous rocks are 
shown at a point within 20 feet of tidewater, whereas 0.8 of a mile north- 
west of this point a hill 220 feet high has no Cretaceous rocks on or 
near it. 

According to the reports of the New Jersey Geological Survey the Rari- 
tan formation, which lies at the base of the Upper Cretaceous system, 
has a dip of about 50 feet to the mile at its bottom and of about 40 feet 
to the mile at its top, the beds thickening toward the east. ‘This slope 
is still too high to correspond to the rise of 16 feet to the mile shown 
by the trace of the Piedmont peneplain. The geologists of the New Jer- 
sey Survey concluded that the trace of that peneplain corresponds with 
the dip of the uppermost Cretaceous beds and dated it accordingly. The 
Kirkwood formation of New Jersey, of Miocene age, is reported to lie 
from 390 to 1,225 feet below sealevel at Atlantic City (top and bottom 
measurements, respectively.© Assuming a rise from these altitudes to a 
height of 400 feet above sealevel, seen at Germantown, the dip would be 
25 feet to the mile from the bottom of the Kirkwood and 12 feet 3 
inches to the mile from the top of the Kirkwood. This reasoning would 
indicate that the oldest peneplain in Pennsylvania is not older than early 


Neocene. 


MATERIAL REMOVED BEFORE AND AFTER PENEPLANATION 


Now let us compare the quantity of material removed above the Kit- 
tatinny peneplain with that removed since its uplift. The present moun- 
tains of central Pennsylvania are upheld by four sandstones—the Potts- 
ville, Pocono, Tuscarora, and Oswego. The mountain tops east of Alle- 
gheny Mountain in what is called the Vallemont region have uniform 
elevations for long distances, a fact that leads to the conclusion that 
they have not been greatly reduced below the elevation they would have 
if they were restored to the position of the peneplain if uneroded. This 
reduction, it would seem, could hardly be more than 200 or 300 feet 
at a maximum. If the arches or anticlines of which these beds were 
a part were restored they would rise not less than 15,000 to 30,000 feet 
above the present crests of the mountains. For example, South Moun- 
tain, in southern Pennsylvania, exposes pre-Cambrian rock at 2,000 feet 


5U. S. Geol. Survey Geol. Atlas, Philadelphia folio 162. 
®J. Volney Lewis and Henry B. Kummel: The geology of New Jersey. New Jersey 


Geol. Survey Bull. 14, 1915, p. 72. 
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above sealevel. According to Stose* the Cambro-Ordovician beds in the 
Mercersburg-Chambersburg area are more than 15,000 feet thick. Above 
these come the Silurian, Devonian and Carboniferous beds, which will 
bring the total thickness up to not less than 25,000 or 30,000 feet. Sup- 
pose we take 21,000 feet as the measure of pre-peneplain erosion on the 
anticlines and 300 feet for the lowering since the uplift of the Kittatinny 
peneplain. This gives a ratio of 70 to 1. According to the Barrell 
method of reckoning Mesozoic and Tertiary time the period between 
Carboniferous and beginning of Cretaceous time is only one-fourth of 
the period that has elapsed from the end of Carboniferous time to the 
present. A ratio of 70 to 1 is equivalent to a ratio of 98.6 to 1.4. The 
theory that the Kittatinny peneplain is of pre-Cretaceous age would 
assume that 98.6 per cent of the observable erosion took place in one- 
fourth of the time and that 1.4 per cent took place in three-fourths of the 
time. This assumption would imply that the Appalachian region has 
stood at sealevel nearly the whole of the time since the Jurassic period, 
and it leads to the question, Whence have come the Cretaceous and later 
sediments of the coastal region? Does it not seem more reasonable to 
assume that this 98.6 per cent of the observable erosion has occupied the 
larger part of the time since the folding of the rocks? If we assume 
that erosion has been continuous all of the time and divide the time 
into 71 parts, of which 70 preceded the uplift of the peneplain, we should 
have the peneplain uplifted only four million years ago (according to 
the Barrell figures), which would take us back, presumably, only into 


the Pliocene. 


Crerackous AND post-CRETACEOUS SEDIMENT COMPARED WITH Post- 
KITTATINNY Erosion 


Again, we may study the problem by comparing the quantity of sedi- 
ment laid down in Cretaceous and later time in the coastal area with 
the quantity removed from the Appalachian area since the peneplain was 
uplifted. For simplicity take the section from Atlantic City through 
Philadelphia. Drilling at Atlantic City indicates that the Kirkwood 
formation thickens from 80 or 90 feet at its outcrop at Philadelphia to 
835 feet at the seaboard. It appears that no wells on the coast have 
reached the crystalline rocks under the Cretaceous. The base of the 
Kirkwood formation (Miocene) at Atlantic City lies 1,225 feet beneath 
sealevel. Below the Kirkwood on the outcrop lie more than 1,000 feet 
of Eocene and Upper Cretaceous beds. The Raritan formation (basal 


7G. W. Stose: Mercersburg district. U. S. Geol. Survey Geol. Atlas, folio 170. 
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Upper Cretaceous) thickens from 150 to 250 feet on the outcrop to more 
than 500 feet east of the outcrop. If the Upper Cretaceous as a whole 
doubles at the seaboard its thickness at the outcrop, the crystalline 
basement on the coastline is at least 3,500 feet deep and presumably 
grows deeper seaward. 

Assuming that the post-Jurassic formations extend northwestward 
from the shore for 75 miles and the same distance eastward under the 
sea, and that they thin to an edge each way from a maximum of, say, 
3,500 feet, we get a section of the sediments in a vertical plane extend- 
ing from northwest to southeast having an areal extent of 50 square 
miles (1% of 3,500 = 14 mile X 150 miles = 50 square miles). 

Next compare this quantity of material with the quantity eroded below 
the theoretic position of the uneroded Kittatinny peneplain. A super- 
ficial study indicates that the average surface elevation extending north- 
westward from Philadelphia to the Allegheny Mountains ranges in alti- 
tude from 200 feet below the highest hilltops, at the southeast to 1,200 
feet at the northwest, and that the average reducion by erosion is prob- 
ably 750 feet, or one-seventh of a mile. If we assume that the present 
hilltops have been lowered somewhat we may increase the total reduction 
to, say, 880 feet, or one-sixth of a mile. As our section is 160 miles 
across, the area of the rock removed, measured on a vertical plane, is 
26 2/3 square miles. This is about half the area of a section across 
the deposits. 

There are so many unknown factors in this study that the results 
thus obtained have not much weight, but they accord with conclusions 
reached in other ways and are at least interesting. 


SIGNIFICANCE OF CONDITIONS IN WESTERN PENNSYLVANIA 


A study of the Coal Measure area of western Pennsylvania also yields 
interesting results. The hilltops in western Pennsylvania north of 
Pittsburgh form a plateau dissected by narrow valleys and having broad 
or flat hilltops or divides. Cross-sections of the divides and valleys 
south of Pittsburgh resemble A’s and V’s having about equal slopes. In 
the Pittsburgh area the hilltops stand between 500 and 600 feet above 
the drainage lines. Farther north, around Tidioute, the difference in 
elevation is about 800 feet. In the Bradford area, again, the difference 
between the lowest stream-level and the highest hills is about 800 feet. 

A comparison of cross-sections of the valleys with those of the divides 
indicates that in the Pittsburgh area, where the outcropping rocks are 
the softer upper Coal Measures, the downcutting has removed about half 
the rock between the drainage level and the hilltops, a reduction of, 
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say, 200 feet. The estimate of the height of the hilltops above the 
drainageways (500 to 600 feet) applies only to the valleys of the prin- 
cipal streams, not to the area as a whole. In the Tidioute and Bradford 
regions, which are taken as typical, where the valleys are narrow and the 
divides broad, the reduction of the valleys below the plane formed by 
the hilltops will probably average not more than 200 or 250 feet. 


EstIMATED AGE OF PENEPLAINS IN WESTERN PENNSYLVANIA 


An estimate based on recent figures showing the rate of reduction in 
the Mississippi Valley would make the duration of the uplift of the 
peneplain in western Pennsylvania between 800,000 and 1,800,000 years, 
or a maximum of 2,000,000 years. This peneplain lies 200 to 1,000 feet 
below the Kittatinny peneplain. Where the two adjoin the average dif- 
ference might be 600 feet. The use of the maximum figure, 1,000 feet, 
would suggest that the Kittatinny peneplain had been uplifted from 
4,000,000 to 9,000,000 years ago, the result depending on the figure 
used—whether 4,000 or 9,000 years per foot of surface lowering in the 
Mississippi region. The mean of these figures would give 3,900,000 
years—600 (feet) times 6,500 (years) = 3,900,000 years—or, say, 
4,000,000 years. The addition of 2,000,000 for time elapsed since the 
uplift of the lower plain would give 6,000,000 years as the time that has 
elapsed since the uplift of the Kittatinny peneplain, and an allowance 
for a lowering of the present mountain tops of 300 feet would add 
2,000,000 years more, or, say, 8,000,000 years. If, as recent studies in- 
dicate, Tertiary time was about 60,000,000 years long, the figures given 
indicate that the uplift of the Kittatinny peneplain did not begin before 
Miocene time, if, indeed, it began that early. 


GENERAL CONCLUSIONS 


Here again there are so many angles to the problem and so many un- 
known factors that the figures given are only suggestive. But again 
they seem to fit into the results of other studies. 

Finally, the figures given and the conclusions reached are intended 
as a challenge of the old theory that the uppermost peneplain of the 
Appalachian region is of Jurassic or even Cretaceous age rather than 
as a proof of its Miocene or later age. 
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INTRODUCTION 


It has long been clearly established that the Paleozoic formations of 
the Appalachian geosyncline from Alabama to New York were made 
into mountains at some time after the early Permian, and this unanim- 
ity of opinion has led most geologists to conclude that this orogeny was 
continued from New Jersey to Newfoundland. On the other hand, the 
fact that the pioneer geologists of eastern Canada had clearly demon- 
strated that the Acadian part of the Appalachians was folded in the 
main during the Devonian, with other orogenic times at the close of the 
Ordovician and during the late Carboniferous (close of Mississippian 
Windsor and during the Pennsylvanian), has never taken rootage 
among the geologists of the United States as it should have. Accord- 
ingly, the opinion is still widely held that even the great Champlain-. 
Saint Lawrence overthrust was made toward the close of the Paleozoic, 


1 Manuscript received by the Secretary of the Society August 7, 1930. 
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although Logan as early as 1863 had shown it to be of Ordovician mak- 
ing, a view concurred in by Dawson and James D. Dana. 

The writer has long been trying to break away from this prevalent 
view, but it was not until the summer of 1929 that observations in the 
field finally forced him to turn about and face the facts. With Doctor 
G. Arthur Cooper,? he reviewed the geology of Acadia from place to 
place more continuously during one field season than he had ever done 
before, through southern New England, New Brunswick, and Gaspé, 
back along the valley of the Saint Lawrence, and south from Montreal 
through Vermont and western Massachusetts to New Haven. Our 
second day was through the folded but dominantly schistose older 
Paleozoics of Maine, and the next was a day of new geology, across high 
western New Brunswick, made so by the Devonian folding and granitic 
intrusions, and then across the low, flat-lying Carboniferous of the same 
Province. The question forced itself on the writer: What does all this 
mean? The only answer could be that all of the intense Acadian folding 
and intruding of Devonian times had been peneplained across and is now 
overlain by thousands of feet of undeformed Pennsylvanian clastics, none 
of which had since been folded, at least as far southeast as Fredericton, 
New Brunswick. It was now clear what Sir William Dawson meant by 
his oft-repeated statement: “This great earth-storm of the later Devo- 
nian . . . surpasses every other in the geological history of the eastern 
| better, Acadian] slope of the American continent.” Truly so! 

We Forded on, and north of Bathurst, New Brunswick, came again on 
the folded and faulted older Paleozoics of the Saint Lawrence geosyn- 
cline. For nearly two months we studied the strata, and gathered their 
entombed life of late Ordovician but mainly Middle Silurian and Lower 
Devonian times. Finally, with the added help of G. W. Crickmay, we 
traversed the Matapedia Valley, which gives a cross-section 60 miles long 
through the Notre Dame Mountains and exposes clearly not only the 
Acadian folding, but what is far more valuable, that of the older Taconian 
also. And at the head of Lake Matapedia, between Sayabec and Amqui, 
we had before our eyes the evidence that Sir William Logan was also 
correct in his statement that the Quebec series had been folded and faulted 
in Ordovician times; some days earlier we had learned from the forma- 
tions about the head of the Bay de Chaleur that this orogenic move- 
ment occurred after Richmondian and before Silurian time. Now we 
knew as never before that the Taconian disturbance was a fact all the 
way from at least central Pennsylvania to Cape Gaspé (and Murray tells 


2 This paper has also been read by Professor Chester R. Longwell and Doctor G. W. 
Crickmay. 
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us that in Newfoundland the Silurian lies unconformably on the Ordo- 
vician). We are back again to the days of our geological ancestors— 
the Rogers brothers, Logan, Dawson, Murray, and Dana—but as it 
should be, with far more detail to prove what these prophets saw so 


plainly. 
BASAL STRUCTURES OF GREATER ACADIA 


Greater Acadia, or the area of the New England States together with 
that of eastern New York and the Maritime Provinces of Canada and 
Newfoundland, constitutes a structural unit quite distinct from any 
other in North America. At the north and west is the Saint Lawrence 
geosyncline, and on the southeast is the Acadian one, the two troughs 
being separated by the New Brunswick geanticline. These basal struc- 
tures were made in Proterozoic time. Since then they have been re- 
folded, in the late Ordovician (Taconian) and in the Devonian (Aca- 
dian). The Acadian geosyncline, but not the Saint Lawrence one, was 
again folded at the close of the Mississippian (Windsor) and was repeat- 
edly faulted during the Pennsylvanian; and finally the Appalachian 
orogeny of Permian time once more deformed Nova Scotia and the New 
England States. 

The major folds inherited from Proterozoic times (two geosynclines, 
one geanticline, and the borderland Novascotis) are illustrated in figures 
1 and 2. These show: (1) The Saint Lawrence geosyncline, occupying the 
western and northern, larger half of Greater Acadia; (2) the narrow 
New Brunswick geanticline ; (3) the smaller,eastern, Acadian geosyncline ; 
and (4) the outer borderland or geanticline Novascotis, now very largely 
warped and faulted into the Atlantic Ocean. These fundamental struc- 
tures were in existence previous to Lower Cambrian time, and were 
accentuated as sinking or rising fields until the Middle Devonian, when 
the “earth-storm” transformed most of Greater Acadia into land. All 
of the thick Pennsylvanian formations, of continental type, were spread 
horizontally across the peneplained older strata of New Brunswick. 

To determine the time of the various Paleozoic orogenies, it was neces- 
sary to review in considerable detail and to harmonize the stratigraphy 
and faunas throughout Greater Acadia. This the writer was the better 
able to do, since during the past thirty years he or his graduate stu- 
dents have seen all of the important sections and faunas of this large 
area. This information, now written out in detail, is entirely too 
lengthy to give here, and is reserved for a book on the stratigraphy and 
paleontology of North America. 
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FRESENT POSITION 
OF 
GEOSYNCLINES 
AND 
GEANTICLINES 


IN 
GREATER ACADIA 


C. SCHUCHERT 1930 


2 


The geosynclines are dotted and the geanticlines are white. 


FIGURE 2.—The four Structural Units in their present Position 


over the peneplained folds made by the Acadian disturbance. 


The solid black spaces are where the Carboniferous lies undeformed 
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STRATIGRAPHY OF THE SAINT LAWRENCE TrovuGH 


In order that the reader may more easily understand what is to fol- 
low, it is necessary to digress here and give an abstract of the stratig- 
raphy of the Saint Lawrence geosyncline in the Province of Quebec 
and parts of Vermont and eastern New York. 

During Cambrian time this geosyncline was a long but narrow and 
undifferentiated trough in which was deposited a fine sequence of fossil- 
iferous strata representing the last half of Lower Cambrian time. These 
formations are seen in situ only in Vermont and New York (now in 
nappes), and in Newfoundland (here in a long unbroken sequence) ; 
also as fossiliferous pebbles in Ordovician conglomerates between 
Levis and Bic, Quebec. Then followed a long land interval, after which 
the sea, late in Cambrian time, reinvaded the trough, depositing Upper 
Cambrian limestones, known in situ in Newfoundland and in the nappes 
of Vermont, and again as fossiliferous pebbles in the conglomerates about 
Levis. 

The Cambrian period was closed by an orogenic time so far known 
only in northernmost Vermont, but the subsequent Ordovician strata 
show in their different lithologic makeup and faunal character the un- 
mistakable fact: that the Saint Lawrence geosyncline was now #® much 
wider one, and divided by a land barrier (an arch) into two basins, a 
western or northern channel that Ulrich and Schuchert (1902) called 
the Chazy channel, and a southern or eastern one known as the Levis 
channel. The deposits of the latter seaway are dominantly shales and 
sandstones, and are usually rich in graptolites which are of western 
European relationships, while those of the Chazy channel are almost 
wholly linked with the great interior of North America. 

The Ordovician was closed by the intense and widespread Taconian 
orogeny which thrust the Levis channel on the Chazy area, leaving to the 
southeast a narrower seaway in which were laid down very thick se- 

quences of Silurian and Devonian formations. Then in late Devonian 
time the whole of the Saint Lawrence geosyncline, and the Acadian 
trough as well, were blotted out by the Acadian disturbance, and all 
Greater Acadia was transformed into mountains. 

Late in Mississippian time the Atlantic reentered the Acadian region, 
but now in a new and intermontane channel, the Northumberland 
strait, which starts in the Saint Lawrence geosyncline of Newfound- 
land, crosses the New Brunswick axis, and continu. through the west- 
ern part of the Acadian trough into the Atlantic Ocean. This is the 
sea of the Windsor formation. 
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THE NORTHUMBERLAND BASIN 
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Ficure 3.—The Northumberland Basin 


With Lower Carboniferous strata, beginning in the Saint Lawrence geosyncline of Newfoundland and striking across the sag- 
sing part of the New Brunswick axis into the western area of the Acadian geosyncline. Dotted space, the probable nonmarine 
equivalent of the Bonaventure conglomerates. 
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All of the later thick formations of Pennsylvanian time are of fresh- 
water origin, laid down in intermontane valleys and apparently not far 
above sealevel. In New Brunswick, over an area of 10,000 square 
miles, they remain in horizontal attitude, but in Nova Scotia, Maine 
and Massachusetts they are either much faulted, or folded and faulted, 
or intensely folded as in the last named State. 


THE SEVERAL OROGENIES 


The four-fold deformation of Greater Acadia progressed from the 
interior oceanward, as illustrated in figure 4. These times of orogeny 
are as follows: (1) Apparently an arch-making movement at the close 
of the Cambrian, which separated the Saint Lawrence geosyncline into 
two seaways. (2) The Taconian intense isoclinal folding and over- 
thrusting, with nappes, making a deformed area that is now very wide- 
spread in the western part of the Saint Lawrence geosyncline through 
eastern New York, the Taconic, Green, and the inner or northern 
side of the Notre Dame Mountains, thence across the Gulf of Saint Law- 
rence and central Newfoundland, where in rias coasts the Taconian folds 
(and the Acadian as well) are broken down into the Atlantic “Ocean ; 
this disturbance continues south in the Appalachian geosyncline as far 
as central eastern Pennsylvania and dies out at the Maryland boundary. 
(3) The Acadian disturbance, when the remainder of the Saint Law- 
rence geosyncline, the New Brunswick geanticline, the Acadian trough, 
and the borderland Novascotis were folded almost wholly into perma- 
nent dry land; later, however, in late Lower Carboniferous time, the 
ocean again invaded the area through the Northumberland strait. (4) 
The Appalachian revolution, which elevated epeirogenically and faulted 
the Maritime Provinces (best seen in the Long Range Mountains of 
Newfoundland) and refolded (crossed) the southwestern part of the 
Acadian geosyncline from central Nova Scotia and the Bay of Fundy 
across southernmost Maine and eastern Massachusetts and Rhode Island, 
where these mountain folds also have gone into the depths of the Atlantic. 


It is interesting to note here that the State of Massachusetts from 
west to east gives a nearly complete cross-section of the Paleozoic struc- 
tures across the northern “Appalachians,” as described by Emerson 
(1917). “The great folds of this mountain system were compressed 
against the Adirondacks, by forces thrusting from the east, in a zone 
where the ancient unfolded rocks of New York form the foreland” (p. 14). 


O} ‘papeysuN SPOOSVAON oy} PUB 
TANITA WAM (San wana) Surmror aul 10 


‘staie (papeys) oy} Sessvul @ATJISOd 


: 
1 
1 
i 
i 
{ 
{ 
; 
4 
i 
j 
: 
— 


709 


THE SEVERAL OROGENIES 
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FiGuRE 4.—The four Orogenic Times in Greater Acadia plotted Diagrammatically 


(1) Latest Cambrian folding, known only in northwestern Vermont, shown in the black line to the east of AD = Adiron- 
dacks. (2a) The unfolded area of the Saint Lawrence geosyncline, dotted. (2b) Next below, the narrow area of the Taconian 
orogeny, not subsequently deformed, single lines from left to right; the total area of Taconian orogeny is of course common to 
both geosynclines and the geanticline. (3) The extent of the Acadian disturbance, in both geosynclines, diagonal cross lines. 
(4) The crossing of the Appalachian folding (vertical lines) over the older orogenies (diagonal lines). The New Brunswick gean- 
ticline and the borderland Novascotis are left unshaded, to differentiate these positive masses from the sinking (shaded) areas. 


The solid black areas are certain of the Devonian granitic intrusions, shown diagrammatically; those of Newfoundland are not 
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TACONIAN OROGENY 


STATEMENT OF THE CASE 


For three-quarters of a century geologists have been pointing out the 
Taconian disturbance of late Ordovician time, and mainly of the Saint 
Lawrence geosyncline. The undisputed orogenic area of this folding 
is accepted as extending in the Appalachian geosyncline from at least 
Port Clinton on the Schuylkill River, Pennsylvania (Stose (1930) says 
the deformation dies out near the Maryland boundary), and more espe- 
cially from Otisville, New York, northeastward into the Saint Lawrence 
geosyncline, past Kingston to Becraft Mountain southeast of Hudson, 
New York, a distance of at least 160 miles; the overlapping then reap- 
pears at Lake Memphremagog and beyond. 

It is the main object of the present paper to show that the statements 
of Dana in his “Manual” and of Logan in his “Geology of Canada” are 
correct, and that the Taconian folding does continue far to the north- 
east, since through superposition the unconformity can be proved in the 
Province of Quebec about lakes Memphremagog and Temiscouata, in 
Gaspé, where it is especially clear in and on either side of the Matapedia 
Valley, and also about Littleton, New Hampshire. There are many 
other places supporting the known unconformities by circunistantial 
evidence but it will not be necessary to cite these here. 


It has been maintained for many years that the intense folding and 
sheet overthrusting (nappes) east of Lake Champlain in Vermont is 
not only of the Appalachian type but that this structure, including the 
Champlain-Saint Lawrence overthrust, was not made during the close 
of the Ordovician but was coincident with the Appalachian revolution 
during Permian time. The writer, however, holds with Dana, Logan, 
Dawson, Alcock, and Ruedemann that all of this deformation took place 
during the late Ordovician. Furthermore, the area of Taconian fold- 
ing in the western and northern parts of the Saint Lawrence geosyncline, 
from about Albany, New York, through Vermont and southern Quebec, 
has not again been refolded, but in all probability was epeirogenically 
elevated and more or less normally faulted by the Devonian crustal dis- 
turbances. On the other hand, the southeastern part of the Saint Law- 
rence geosyncline, and more especially the Acadian trough, were refolded 
and greatly intruded by granites during the Acadian disturbance of 
Devonian time. Finally, the Appalachian revolution did decidedly re- 
fold the Acadian geosyncline from the Gut of Canso in Nova Scotia to 
eastern Massachusetts and Rhode Island; and the eastern part of the 
Saint Lawrence geosyncline was more or less warped and strikefaulted 
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as far south as the Catskills of New York, while Newfoundland was 
decidedly crossfaulted (about north-south across the northeast-southwest 
fold strike). 

These statements are graphically illustrated in figures 1, 2, and 4. 

The area of the Hudson Valley from south of Hudson north to Albany, 
Troy, and beyond is embraced in the Capitol district folio of the New 
York State Geological Survey, which has been prepared by Ruedemann 
and will be published in the future. It is the area of the typical “Hud- 
son River series,” embracing Cambrian and Ordovician formations. In 
the folio the author will say that toward the close of the Ordovician the 
Capitol district was intensely folded and then profoundedly overthrust ; 
there are at least two major nappes and many minor overthrustings, be- 
sides imbricate structure. The shale formations are as a rule closely 
folded and overturned to the west, with the result that in the shale belts 
all the strata appear to dip about 70 degrees east, and strike north 20 de- 
grees east. The more competent quartzites and grits, however, show 
broad anticlinal and synclinal symmetrical folds. The folding dies out 
gradually toward the west. Ruedemann has discussed these structures 
earlier (1901, 1903, 1914). 

In Vermont and more especially southern Quebec, the formations equiv- 
alent to the Hudson River series of the Hudson Valley are known as 
the “Quebec series’—two old-fashioned comprehensive groups of strata 
that have been much described and much fought over. Now, however, 
the sequence is fairly well understood, especially in the Capitol district. 
The Quebec series is also close-folded and crumpled, with the folds iso- 
clinal, and in many places overfolded toward the northwest. To what 
extent these strata in Quebec are actually overthrust in sheets or 
nappes is as yet mostly undemonstrated, though such faulting has been 
mentioned by authors and proved about Quebee City-Levis and in north- 
western Vermont; the whole Quebec series is of course widely thrust 
to the northwest, as demonstrated first by Logan (1863) and by many 
others since, making the well-known Saint Lawrence-Champlain fault. 

Structurally, one of the more complicated areas of the Saint Law- 
rence geosyncline is that of the Shickshock-Notre Dame-Green Moun- 
tains, bounded to the northwestward by the great overthrust Saint Law- 
rence-Champlain fault, “Logan’s Line.” This fault may be traced from 
Kingston, New York, and Lake Champlain to Quebec city, and thence 
it follows the estuary of the Saint Lawrence, undoubtedly continuing to 
the south of Anticosti. ‘To the west of this line are the flat-lying Ozark- 
ian (Potsdam) and Lower to Upper Ordovician formations of the Saint 
‘Lawrence plain, chiefly limestones, which dip about 5 degrees southeast 
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and doubtless rest on a very stable shelf of the Laurentian nucleus at no 
great depth. Against this stable edge, the eastern strata have been 
folded and widely overthrust (Logan’s fault line). To the overthrust 
formations Logan applied the name Quebec group, which embraces in 
general Lower and Middfe Ordovician, with the addition of Lower and 
Upper Cambrian, known in situ only in western Vermont and northern 
Newfoundland, but surely to be found in the Province of Quebec. 

In the Mount Albert map-area of Gaspé Peninsula, Alcock (1926) 
reports the occurrence of Lower Ordovician slates, quartzites, limestones, 
conglomerates, etcetera, which make up the very thick Quebec series. 
Over these lies a basic complex of volcanics, now greatly altered and in 
places metamorphosed to chlorite schists, followed by intrusive contacts 
of serpentinized peridotite and amphibolite; all are of Ordovician time 
and probably of the late Middle Ordovician, though this can not be 
proved in the map-area named. Sixty miles to the southeast is the Port 
Daniel-Gascons map-area, where the stratigraphy has been described by 
Schuchert and Dart (1926). Here occurs the Mictaw series of Northrop 
{described in a paper to be published by the Geological Survey of Can- 


ada), several thousand feet thick, mainly shales with much volcanic 


material and serpentine, and, in the upper part, with many graptolites 
that Ruedemann has pronounced to be more probably of late’Trenton 
than of early Upper Ordovician time. The Mictaw or Mohawkian series 
is of wide distribution in Gaspé and has been traced on the basis of 
fossils into the Lake Memphremagog area; it is also known near Bath- 
urst, New Brunswick (Young, 1911). Accordingly it is clear that south- 
ern Quebec in late Middle Ordovician time had extensive outpourings 
of lava (now serpentinized) and that clastics accumulated in intervals 
between the eruptions. Over these Middle Ordovician formations lies 
disconformably another thick fossiliferous series, dominantly of shales 
with limestones, and of Richmondian age. All of these formations were 
greatly deformed by the Taconian movement that took place toward the 
close of the Ordovician. 

Unconformably over the above-mentioned formations follows either 
the Gaspé marine series, mainly of Lower Devonian time, or the Middle 
Silurian. Hence Alcock concludes that the serpentinized intrusions are 
of late Mohawkian time, and that the older volcanics had probably been 
made schistose during the orogenic movements at the close of the Ordo- 
vician. In any event, the degree of metamorphism is far greater in the 
“Cambro-Ordovician” series than it is in the Siluro-Devonian formations. 

In a report on Mount Serpentine, Gaspé, Alcock (1926a) holds that | 
the serpentinized peridotite was evidently intruded into the older vol- 
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canic complex, and before Silurian time, since no dike or offshoot of it 
occurs in the Silurian or Devonian strata, nor is any known in the Rich- 
mondian. The slaty cleavage, drag-folding, etcetera, noted in the Que- 
bee series, “were produced by the folding movements which took place 
at the close of the Ordovician. Later changes were created locally by 
contact metamorphism when the Devonian [granite] batholith of Table- 
top Mountain was introduced” (1926 :31-32). 

In the Lake Matapedia area the story is most convincing. Here from 
Sayabec to Amqui one sees the Silurian basal quartzite and the higher 
limestones of the same period lying nearly horizontal in a flat syncline 
over several square miles. These flat-lying strata overlie the above men- 
tioned volcanic rocks (no Richmondian is present here), and beneath 
the volcanics is the highly deformed Quebec series. The basal quartzite 
represents the cleanly washed shore deposit derived from Laurentis to 
the north. To the south this highly fossiliferous Silurian series rises 
sharply into the anticline of the Notre Dame Mountains. The northern 
limb of this syncline, however, is eroded away in the Matapedia area, 
but to the northeast in the headwaters of the Chat and Matane rivers 
the Silurian sequence stands as a cuesta facing the Saint Lawrence Val- 
ley, with the strata tilted to the south but not folded. This same Silu- 
rian series is seen to the west about Saint Gabriel (dip south 25 degrees 
west < 20 degrees), and at the falls of the Big and Little Neigette 
rivers, where it makes northward-facing, conspicuous bluffs from Mount 
Commis west for 20 miles. The same Ordovician-Silurian sequence, 
Crickmay told the writer, is well exposed about Lake Temiscouata. 

In this entire region east and west of Lake Matapedia the underlying 
Quebec series is most decidedly folded, passing unconformably beneath 
the northern limb of unfolded but tilted Silurian. These relations may 
easily be seen at and on either side of the low Matapedia pass through 
which the Canadian National Railway goes. In this valley the Silurian 
and Lower Devonian, as will be shown by Crickmay in a future publica- 
tion of the Geological Survey of Canada, lie in open folds, more rarely 
overturned and cut by thrust faults; the thrusting is to the north. The 
Taconian and the Acadian foldings are parallel, trending north 60 de- 
grees east. 

What does this structure indicate? It can only mean that the Quebec 
series of older Ordovician time and the younger Mohawkian series with 
volcanics, along with the Upper Ordovician Matapedia series, were in- 
tensely folded and more or less overthrust to the northwest before the 
sea of Middle Silurian time again invaded the region, and that the 
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Silurian and Devonian were deformed during the late Devonian dis- 
turbance. 

In all of the above, little is said of Upper Ordovician marine strata, 
and the reason is that until recently no one had reported beds represent- 
ing Richmondian time. Such are, however, present in grand develop- 
ment. About the head of ‘the Bay de Chaleur is seen for many miles 
in all directions a very thick series (probably several thousand feet) of 
dark blue shales, limestones, and some sandstones. The whole series is 
folded into verticality, much crumpled, and highly schistose. Until the 
summer of 1929 everyone had regarded this series as of Silurian age, 
though not a single fossil had been found to prove this supposition. 
Crickmay, however, has discovered two places yielding enough specimens 
to show that at least the upper part is Upper Ordovician or Richmondian 
in age. The fossils are identical with those of another thick series, 
though far less deformed, occurring about Percé, where they have also 
been regarded as of Silurian and Trenton time. These late Ordovician 
(Whitehead) strata of Percé are now described by Schuchert and Cooper 
(1930). In both areas these strata of Richmondian age (but with a 
wholly different fauna, having European affinities rather than those of 
the typical Richmondian of the Chazy channel) are unconformably over- 
lain by Helderbergian, but it is not so easy to point out the untonforma- 
bility at Percé as at the head of the Bay de Chaleur. In the latter area 
it is plain that the highly fossiliferous and thick Helderbergian, while 
deformed and dipping to the southeast, is far less folded and hardly at 
all metamorphosed, whereas the older Matapedia series of Richmondian 
age is decidedly deformed and schistose. 

No Silurian occurs about Matapedia, but near by, 3 miles east of 
Dawsonville, there is high Middle Silurian, and it is no more deformed 
and altered than is the Helderbergian. These occurrences show that 
the Matapedia formation of Richmondian age was folded before the 
Middle Silurian, and probably during latest Ordovician time. 

In the Bathurst-Jacquet River area of northern New Brunswick is 
the very thick Middle Ordovician with the Tetagouche graptolites of 
Normanskill age, here the oldest exposed strata. The area has been 
described by Young (1911). The beds are closely folded along east- 
west axes and generally dip at high angles. The Tetagouche is overlain 
by volcanics apparently of the same age as those of the Mictaw forma- 
tion of the Port Daniel area on the north side of the Bay de Chaleur. 
No Upper Ordovician is known here, and where such is present else- 
where it is never interbedded with volcanics; the Matapedia series is, 
however, cut by many dikes, but these Alcock says are of Devonian age. 
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All of the pre-Silurian strata were then folded by the Taconian dis- 
turbance. Unconformably overlying these Ordovician formations fol- 
lows a long sequence of marine Silurian and volcanics more than 3,000 
feet thick, and these are succeeded by a similar thickness of Lower and 
Upper Devonian clastics and conglomerates. The region was again folded 
and much faulted by the Acadian orogeny, and in the southern part of 
the Bathurst area the strata are cut by the Nipisiguit biotite granite of 
late Devonian origin. 

John M. Clarke (1913:104-106) held that in the Cape Gaspé area 
the very thick Devonian is widely overthrust to the north over the Que- 
bee series; he reached this conclusion because no Silurian is seen in 
this area of the Forillon, though such is present to the northwest on 
Anticosti and, as he believed, to the southeast at Percé. The writer 
has shown (1930) that the “Silurian” of the latter area is Devonian 
(Helderbergian) in one place and Upper Ordovician (Richmondian) in 
another, and that Silurian has not been proved east of the Port Daniel- 
Gascons area. Clarke is, however, careful to say that “the thrust plane 
or base of the Devonian series has not yet been observed.” As the writer 
sees the phenomena here, the Saint Albans cliffs are not part of a fold 
or a thrust mass, but simply the overlapping and now tilted Devonian 
limestones and sandstones of a sea that transgressed across the pene- 
plained Ordovician ; farther to the west about Matapedia and Temiscouata 
it was in Silurian time that the sea moved across the same leveled land. 
Furthermore, at Clarke’s locality, not more than 25 feet to the north- 
west of the Saint Albans “overthrust” limestones, there are good ex- 
posures of the Quebec series, and here one sees no mylonitization or 
greater disturbance and metamorphism, such as overthrusting of highly 
competent strata would produce when moving over decidedly incom- 
petent rocks like the Rosiers slates. 

Harvie (1914) showed in the Sargents Bay section of Lake Mem- 
phremagog, which is near the Canada-United States boundary, that the 
fossiliferous Middle Silurian has, above, 1,000 feet of limestone, and 
below, 1,500 feet of calcareous shale, the series terminating in a basal 
quartz conglomerate 15 to 20 feet thick. Next below is agglomerate, 
followed by the diabase of the Middle Ordovician serpentine series, which 
in places is in contact with the quartz conglomerate (no Richmondian 
being present), but “nowhere is there any sign of the diabase intruding 
the conglomerate” (p. 214). Hence the conclusion is reached by Harvie 
that all of the serpentine and diabase in this vicinity is older than the 
Silurian. Its stratigraphic position shows that it is the equivalent of 
the Mictaw series of Gaspé, and in the Lake Mephremagog area it is 
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also rich in Middle Ordovician graptolites (Normanskill and younger), 
which have been traced by Richardson, along with older ones (Deepkill), 
into Vermont for 100 miles south of the Quebec boundary. 

In northern New Hampshire beneath the Siluro-Devonian or Blue- 
berry Mountain series having Middle Silurian and Lower Devonian fos- 
sils, is the Lyman schist of highly metamorphosed sandstones and mud- 
stones with some fine-grained conglomerates. The latter are intruded 
by the Fitch Hill granite-gneiss. Lahee (1916) says the Lyman schist 
is surely not younger than Devonian, and may be older, while Hitchcock 
(1904) thinks it is of Ordovician age. The Fitch Hill granite, accord- 
ing to Lahee (1913), lies unconformably beneath the Blueberry Mountain 
series of Fitch Hill, Littleton, “thus demonstrating the presence of a 
regional unconformity beneath the Upper Silurian strata of the Am- 
monoosuc district in New Hampshire.” Farther south in the Ammo- 
noosuc mining area Ross (1923) says the Lyman schist and phyllite is 
older than the Lisbon and Swiftwater formations of Cambro-Ordovician 
age, and that a granodiorite gneiss “is certainly intrusive into the Lis- 
bon schist,” and is of “the same magmatic source and belongs to the 
same period of intrusive activity” as the Fitch Hill granite-gneiss of 
Lahee (p. 279). Ross, however, ascribes the main time of orogeny rather 
to the Appalachian revolution than to the Acadian disturbanct, but the 
writer holds that the crustal disturbance is of Devonian age, with an- 
other time of folding in the late Ordovician in this same area. 

In these occurrences the writer is convinced that the western part 
of the Saint Lawrence geosyncline was folded late in Ordovician time, 
not only in easternmost New York but throughout southern Quebee and 
Vermont as well. The same is undoubtedly true in Newfoundland, since 
Murray states that in the northeastern part of the island the Silurian 
lies unconformably over the highly deformed Ordovician. 

Northwestern Vermont is a region of very intense orogeny and is 
more especially characterized by thrust faulting. This thrust area has 
been described by Keith (1923), who says it extends the whole length 
of the State, a distance of 160 miles. It is in slice sheets and is 
thrust as a whole westward on the horizontal formations at the base 
of the east front of the Adirondacks. The deformed area has only 
Cambrian and Ordovician formations. “In the Champlain Valley north 
of the Taconic Range deformation and shortening have been accom- 
plished on these thrust faults with almost no visible folding. The 
contrast in this particular between the sliced structure of the Cham- 
plain Valley and the hundreds of doubled up and overturned folds of the 
Taconic Range is one of the most abrupt in the Appalachians” (p. 104). 
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“The faults of this district are of three different ages: First came the 
flat overthrust of the Champlain fault; later on, probably in the same 
general epoch of folding, this was compressed, folded up, and dissected 
by later faults, This process has left numerous rather flat-lying and 
disconnected scales of the old overthrust mass, with parts of the under- 
lying mass exposed between them by erosion. ._. . At a still later 
date normal faults were produced. . . . There are no data at pres- 
ent at hand to determine the age of the normal faults [on page 137 he 
assumes that they may have been made in Triassic time]. The various 
thrust faults, however, are of the regular Appalachian type, and, there- 
fore, were probably produced at the end of the Paleozoic era” (p. 106). 

“The late Devonian folding that affected New Brunswick and Maine 
so strongly appeared only as uplift in western New England. No trace 
of it is seen between Connecticut River and the Catskills except in 
greatly increased sedimentation, nor does any record remain of any 
movements after the middle Ordovician until the great deformation 
which closed the Paleozoic” (p. 137). 


CONCLUSIONS 


The writer has long disagreed with his friend Keith about this dat- 
ing, recognizing, however, that the structure itself is that of the Ap- 
palachian type. Accordingly, it is in order to ask why similar crustal 
deformations should not have taken place at different times, since north- 
western Vermont is but a part of the greater Appalachian Mountain 
belt, and all of the thrusting appears to be from the same general direc- 
tion. When, however, we view this area in the light of the historical 
evidence of the Acadian region, the writer can come to no other con- 
clusion than that we are here not treating of Appalachian or Hercynian 
deformation, but of that of the Taconian orogeny. Therefore the geo- 
logic structure of the Green Mountain belt appears to him to have been 
made long previous to the Appalachian and Acadian orogeny, and the 
whole intent of this paper is to show that it dates back to the Taconian 
disturbance of the late Ordovician. As shown in the previous pages, there 
surely was an orogenic time earlier than the Middle Silurian and after 
either the Middle or the Upper Ordovician, depending on the place 
studied ; this is proved by unconformable superposition in northeastern 
Pennsylvania, northern New Jersey, southeastern New York, northern 
New Hampshire, Lake Memphremagog, Jacquet River, head of the Bay 
of Chaleur, widely to the east and west of Lake Matapedia and about Lake 
Temiscouata, in central Gaspé, and in northeastern Newfoundland. 
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Putting all the evidence together, the conclusion is that the Taconian 
orogeny took place toward the close of the Ordovician. 


LATER OROGENIES 
ACADIAN DISTURBANCE 


The Acadian disturbance of Devonian time affected the Green Moun- 
tain belt, as Keith says, probably but little, and only in the way of up- 
lift. The Appalachian revolution, on the other hand, the writer thinks, 
did not at all affect the Green Mountain belt unless it were by epeiro- 
genic elevation; on the other hand, the normal faulting that Keith 
ascribes to the Triassic may be of this time. The nearest locality in 
which the Appalachian foldings can be traced in Greater Acadia is in 
the Helderbergs southwest of Albany, New York, and in the Acadian 
geosyncline of Nova Scotia and Massachusetts. 


ORIGIN OF GULF OF SAINT LAWRENCE 


It is interesting to mention here that the Gulf of Saint Lawrence had 
its initiation in the Acadian disturbance, through the rising of the gran- 
itic batholiths, during the last half of Devonian time. Collectively these 
batholiths make a deep crescentic highland frame, beginning in Nova 
Scotia west of the Gulf of Canso and thence continuing to the west end 
of this province, occurring widely in western New Brunswick and 
many places in Maine, at the head of Chaleur Bay, in the Shickshock 
Mountains of Gaspé, and finally in Newfoundland (see figure 4). Be- 
neath the crust of the Gulf area the magma is thought to have flowed 
outward into these batholiths of Devonian time, bringing about a com- 
pensating central sagging basin that the rivers quickly found and there 
deposited during the Middle and Upper Devonian the Gaspé delta of 
elastics about 10,000 feet thick (7,000 feet of Gaspé sandstone and 3,000 
feet of terminal conglomerates and sandstones). The area continued to 
sink throughout Carboniferous time and in the Joggins section of New 
Brunswick there are over 14,500 feet of additional clastics. Finally, 
late in the Paleozoic the Gulf of Saint Lawrence and western Newfound- 
land were profoundly faulted, letting down especially the eastern Gulf 
area and raising the Long Range Mountains. 

What the probable relations of these pre-Carboniferous seas were to 
those of western Europe is diagrammatically shown in figure 5. 


APPALACHIAN REVOLUTION 


In the Acadian geosyncline through the western half of Nova Scotia, 
southwestern Maine, eastern Massachusetts, and the Narragansett area 
of Rhode Island, all of the fresh-water Carboniferous deposits are highly 
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deformed. In the New England States these formations are also cut 
by granites, and here the orogeny and intrusion appear to have con- 
tinued into Permian times. Clearly this orogenic evidence is in har- 
mony with that of the Appalachian revolution. The western part of the 
Acadian trough in Nova Scotia, and that striking west from the Narra- 
gansett area to the Catskills, are therefore in the area of the Appa- 
lachian-Hercynian refolding of the older Acadian orogeny (see figure 4). 


Figure 5.—Hypothetic Map of the Lands (white) and the Geosynclinal Seas (dotted) of 
pre-Carboniferous Time on either Side of the present Atlantic Ocean 
(horizontal lines) 


The Caledonian-New Brunswick axis is sPown unshaded. The Hercynides probably did 
not cross the Atlantic. The narrow area of mid-Greenland (vertical lines) is the low re- 
gion noted by Lauge Koch which may have been a geosyncline in Proterozoic and even in 
early Paleozoic time [see Schuchert, American Journal of Science (5), volume 19, 1930, 
pages 338-339]. 


It does not appear that any part of Newfoundland underwent folding 
during the Appalachian revolution, since the Carboniferous here, when 
deformed, appears to owe its deformation wholly to post-Westphalian 
faulting. The block faulting in western Newfoundland is marked, the 
main line striking a little east of north across the northeast-southwest 
folds of Acadian time. It was this faulting that made the high Long 
Range Mountains and let down especially the eastern part of the Gulf of 
Saint Lawrence (see figure 4). 
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CONCLUSIONS OF EUROPEAN GEOLOGISTS 


During the Twelfth International Geological Congress in Canada in 
the summer of 1913, Termier, the director of the Geological Survey of 
France, spent eighteen days studying the structure of the northern 
Appalachians and later at home presented his views of what he had 
seen. ‘These were translated by Clarke (1914). Among other things 
Termier says: 

“The great orogenic movements in the Appalachian region of Canada 
are of Devonic age.” They were “extremely energetic,” and doubtless 
continue beyond Newfoundland. But do they go, “as Marcel Bertrand 
thought, toward the south of England and toward Bretagne? I do not 
thinks so, now that I have seen it. The Devonic chain of Canada is an 
arrested Caledonian chain; I mean to say by that, a branch of the 
great chain of northern Scotland, of a little later date than the Scottish 
stock. It is with the Highlands of Scotland that the old Newfoundland 
mountains seem to me to be in agreement.” 

“The stratigraphic analogies between the Carbonic of the Maritime 
Provinces and that of England and the north of France are everywhere 
remarkable. They were pointed out long ago. But, tectonically speak- 
ing, there has been no direct connection between the Appalachians 
and the European coal chain. In Canada the Appalachian’ chain is a 
chain of Middle Devonic age, thus a Caledonian chain; and the move- 
ments which have affected it, at different times, in the Carbonic, the 
Permic, perhaps also at the end of the Trias, are very slight movements. 

Farther southwest, in the United States, these posthumous 
movements become gradually more intense and have built up a real 
chain, a true range of American Altaids in the exact prolongation of the 
Canadian Caledonids” (pp. 77-79). 

Professor E. B. Bailey, of the University of Edinburgh, has also seen 
the northern Appalachians, and reported on his observations in Nature 
(November 5, 1927, pages 673-675) and in his presidential address at 
Glasgow (1928). The Appalachian system, he says in his address, is 
“a complex of two systems, rather than a single system. . . . The 
age and relations of the portion of the Appalachian complex, which bor- 
ders the Saint Lawrence Lowlands, justifies our grouping it with the 
Caledonian System” (p. 11). The southern Appalachians he classifies 
with Bertrand in the Hercynian system, and says their most striking 
peculiarity is that the foldings penetrate into the area of the older Cale- 
donids. “The crossing of the chains, begun in the British Isles, is 
completed in New England. The actual front of the Hercynian Chain 
can not be mapped with precision in the American part of the zone of 
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crossing,” because of denudation. In his figure 2 (page 12) he shows 
the crossing of the Hercynian front as beginning in southeastern Maine, 
striking thence southwest through Massachusetts into southeastern New 
York, where this front crosses that of the Caledonian one and then 
goes southwest along the western boundary of the southern Appa- 
lachians. The present writer begins the crossing in Nova Scotia (see 
figure 4). “Where at last the Hercynian Mountain front steps clear 
of its Caledonian predecessor, one encounters a, sedimentary super- 
position of facies that is quite unknown in Europe” (pp. 20-21). 


WHAT WAS THE DIRECTION OF THE OROGENIC ForceEs ? 


All geographic maps of eastern North America show the Appalachian 
Mountains with a sigmoid curvature, the southern or true Appalachians 
being convex to the east while the northern or Acadian mountains are 
curved to the northwest. Moreover, it is not merely the curvature that 
is different in the two parts, but the intensity of folding is equally unlike ; 
in the southern mountains, the close folding and overthrusting are in 
the east nearest the borderland, while in the northern element the great- 
est intensity of deformation is at the north, nearest the foreland or Cana- 
dian Shield. What does this mean? 

The writer is not aware that any geologist has asked this question be- 
fore, and certainly no one has discussed the cause of the difference. So 
fundamental a variation in curvature and such opposite places of maxi- 
mum deformation must have a significant underlying causation. Can 
the thrusting in the two parts be from different directions? Did the 
Appalachian borderland move landward, folding most intensely the 
eastern part of the geosyncline immediately to the west, and in the 
Saint Lawrence region did the Canadian Shield flow to the southeast 
against the geosyncline, causing the most marked deformation in the 
northwest? Or was the push in both regions from the same general 
direction—the Atlantic basin—with this difference, that in the southern 
region the westward movement thrust the borderland over the geosyn- 
cline, while in the northern one the geosyncline was elevated and thrust 
over on the Canadian Shield? Or can it be that the wide protruding 
and unfolded Anticosti area and the deeply anchored Adirondacks are 
two pronounced and unyielding salients fronting the Canadian Shield, 
and that these three parts stood firm and permitted the Saint Lawrence 
geosyncline during the Taconian orogeny to rise and be thrust west- 
ward, taking the crescentic form between the two salients? 

The majority of geologists hold with Suess that the overthrusting 
forces displayed in the greater Appalachians came from the east and 
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southeast, pushing toward the resisting masses at the west and north- 
west. On the other hand, the writer asks, may the underthrusting 
theory of Willis, Hobbs, and others better explain the facts, namely, 
that the moving force during the Taconian and Acadian orogenies came 
from the northwest? In other words, did the Canadian Shield during 
the Paleozoic era, and previous to the Carboniferous, flow toward the 
southeast? It appears to the writer that all of the land from at least 
Newburgh, New York, to the north of the Adirondacks was then moving 
toward the east; the region from Montreal northeast to about Cape 
Chat, toward the south; and the remainder, from there to Cape Gaspé, 
toward the southwest. As a result, the southern edge of the Canadian 
Shield with its thin veneer of Ordovician-Silurian formations of the 
interior seas sank beneath the eastern rising and overriding part of the 
Saint Lawrence geosyncline. 

It should also be noted here that the southeastern Acadian geosyncline 
has a long Cambrian succession of strata followed by a thick Lower 
Ordovician series of marine beds, but none of the later formations of 
this period are present in this trough. This peculiar sequence possibly 
indicates that the thrusting of the Canadian Shield raised this geosyn- 
cline out of the reach of the sea until after the culmination of the Ta- 
conian orogeny, when the trough again subsided and let in the Atlantic 
waters during middle and late Silurian time. 

After writing the above, the writer tried his ideas on Professor C. R. 
Longwell. The latter says that he would rather remain by the older 
view, that is, that all of the thrusting came from the east, but with 
this modification, that the Appalachian borderland during the Permian 
revolution rose and was overthrust on the geosyncline to the west, 
whereas during the Taconian and Acadian orogenic times the Saint 
Lawrence geosyncline rose and was thrust on the Canadian Shield. The 
original plan of the greater Appalachian geosyncline and the distribu- 
tion of resistant masses in the old land had an important influence in 
each case. 

The writer then tried his ideas on Doctor F. J. Alcock, of the Geologi- 
cal Survey of Canada, who has seen more of the Acadian region than 
any living geologist. Under date of September 17, 1930, Alcock writes 
as follows: 

“The cleavage planes of the Ordovician rocks in the Chaleur Bay 
region have a remarkably uniform east-northeast strike; hence, the 
forces which produced the Taconic revolution acted along northwest- 
southeast lines, but whether the actual thrust came from the northwest 
or from the southeast is a problem which I doubt if we can prove defi- 
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nitely. . . . I must confess, however, I have always thought of the 
tectonic force as coming from the southeast. The curve of the struc- 
tural lines of Gaspé, convex toward Labrador has always seemed to me 
to be more easily explained as an overthrust from the south. The de- 
formation along the Saint Lawrence is, as you say, intense, but as far 
south as I have traced the formations of northern New Brunswick the 
deformation is also intense: folding and cleavage in the pre-Silurian 
formations, and folding and thrust-faulting in the Silurian and Devonian 
rocks.” For sixty miles to the southwest of the Matapedia Valley, 
Alcock goes on to say, the Ordovician is equally intensely dragged, 
faulted, and cleaved. The Canadian Survey reports show the same con- 
dition continuing into Vermont. 

Alcock holds that the force producing the Acadian orogeny came from 
the same direction as that causing the Taconian deformation. “The 
cleavage of the pre-Silurian rocks dates from the latter, the folding of 
the Silurian and Devonian dates from the former. Since the two fol- 
low in general the same lines, I take it the forces which produced both 
acted along similar lines.” His impression is that the Acadian dis- 
turbance does not die down in the Saint Lawrenée trough toward the 
southeast. “In the Chaleur Bay region the Devonian folding was also 
intense, the rocks are thrust-faulted and on the north side of the Chaleur 
Bay syncline are locally overturned.” 

Finally, Alcock says that the Appalachian revolution did not refold 
any part of the Saint Lawrence geosyncline. 

At present these questions can not be answered, but when the struc- 
tural conditions of the Acadian region are more fully mapped and under- 
stood, possibly the answer will be forthcoming. 
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INTRODUCTION 


An unconformity or disconformity is usually discovered by carefully 
observing a zone of supposed contact and discriminating lithologically 
and faunally the beds above and below that zone. Nearly all the accepted 
disconformities have been discovered in this way. In western and south- 
western Michigan, however, evidence of unconformity can be obtained 
only with considerable difficulty. The entire area is covered with glacial 
drift, and at no place do the Devonian beds crop out. Drilling has not 
furnished sufficient core to permit the differentiation of faunal zones 
and the problem must, therefore, be attacked by other means. 

Twenhofel® has tersely defined an unconformity as a surface of erosion 
or nondeposition separating two groups of strata. The purpose of this 
paper will be to show that an unconformity exists in western Michigan, 
both because of the erosion of the Dundee beds (and perhaps of the 
Monroe beds) and because of the nondeposition of the lower part of the 


1 Manuscript received by the Secretary of the Society December 27, 1929. 

2 Introduced by A. C. Lane. 

3W. H. Twenhofel: Treatise on sedimentation. Williams and Wilkins Co., 1926, 
p. 445. 
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Traverse group and the Bell shale. This Middle Devonian unconformity 
at the base of the Traverse group amounts to a westward progressive 
overlap by which the Bell and Dundee are unrepresented in the south- 
western part of Michigan. 

Four kinds of evidence are offered to support the contention for this 
unconformity : 

1. By means of well logs and cuttings formations are traced from 
east to west, from an area in which the identification of formational 
breaks is fairly well established. 

2. The variations in thickness are shown, the beds thinning to a 
known area of unconformity. The peculiar conditions observed in oil- 
field practice are demonstrated by the logs of a large number of wells 
drilled in a small area. 

3. Particular deductions are made from a study and comparison of 
characteristic brines, especially of their concentration and mineral con- 
tent. 

4. The existence of an erosion surface is shown by dolomitization, 
character of porosity, and features of pre-Traverse topography. 

The recognition of this Middle Devonian unconformity somewhat 
modifies the palegeographic maps made by Schuchert, Willis, Miller, 
and others to show the extent of the retreat of the sea at the end of 
Onondaga time, and the recognition of the extensive removal of the 
Onondaga by erosion leads to the inference that its extent was much 
greater than generally shown. This great removal of the Onondaga 
also accounts for its peculiar freedom from clastic material. 


CORRELATION OF MIDDLE DEVONIAN Deposits 


During Middle Devonian time the Michigan basin was the scene of 
shifting seas and the deposition of a variety of sediments, which were 
brought from several directions, so that this area was then subject to 
the various influences prevailing in widely separated provinces and 
to a mixture of faunal types. Figure 1 shows a correlation of the Middle 
Devonian formations in the Great Lakes region and displays the striking 
similarity of the Michigan and Ontario sections. The corresponding 
formations in Ohio show a decided thinning, as well as the disappearance 
of beds, which was due largely to the effects of the Cincinnati island 
in Devonian time. The formations in Indiana are similar to those in 
Ohio in this respect, but unfortunately the sections can be studied in 
detail only in the southern part of the State. The formations in Illinois 
are included in the figure for completeness, although the sections shown 
are rather remote from the Michigan basin. The Middle Devonian in 
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PUDDLE DEVONIAN CORRELATION TABLE FOR GREAT LAKES REGION 
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Illinois shows a marked western aspect and should be included in the 
Interior Continental province. The outcrop of the Middle Devonian 
beds at Milwaukee is the exposure that is nearest to southwestern Michi- 
gan. After an exhaustive study of the Devonian fauna of Wisconsin 
Pohl* correlated these beds with a well-advanced stage of the upper 
Middle Devonian. He further states that “the pelecypod fauna of the 
Wisconsin Devonian shows closest relationships with the true Hamilton 
of eastern New York.” 

Most of the Michigan basin was sinking during Middle Devonian time, 
though just at the end of Dundee time there was a sudden drop in sea 
level (eustatic?) which revived the streams, made the sea more muddy, 
and led to extensive erosion of the mantle of Dundee and Monroe that 
had covered the Upper Peninsula. The beds of these formations thicken 
to the north and east and nearly everywhere consist of limestone and 
shale. The Traverse is more variable in character than the Dundee. 
In the southern and southeastern part of the State it consists mainly 
of shale, though it contains some beds of limestone. In the Alpena dis- 
trict limestone predominates, and in the Little Traverse Bay region the 
shale members are greatly reduced in number and thickness. Well rec- 
ords in the southwestern part of the State show that the characteristics 
of the Little Traverse Bay region are maintained in that direction. 


History oF NOMENCLATURE 


The early geologists in Michigan adopted the names used for the 
formations in the New York section, but as far back as 1841 C. C. Doug- 
lass suggested the use of the name Little Traverse limestone for the 
rocks of Hamilton age that are exposed along the south shore of Little 
Traverse Bay. The sequence of change in nomenclature is indicated in 
figure 2, in which an effort is made to show the terms now generally 
accepted. In 1871, A. N. Winchell called the Hamilton the Little 
Traverse Bay group. The names “Traverse group” and “Dundee lime- 
stone” were first proposed for the major divisions by Lane in 1895, and 
these names have been carried down to the present time. The subdivi- 
sions of the Traverse, including the Bell shale, Long Lake series, Alpena 
limestone, and Thunder Bay series, are mostly those used by Grabau 
in 1901. The Petoskey limestone, on the western side of the State, is 
made approximately equivalent to the Alpena limestone, but the other 
divisions, except the Bell shale, are hardly traceable. In 1921 R. A. 
Smith suggested the term “Rockport” for the basal limestone of the 


*E. R. Pohl: The Devonian of Wisconsin. Bull. Pub. Mus. of the City of Milwau- 
kee, vol. 2, No. 1, Sept. 3, 1929, p. 8. 
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MIDDLE DEVONIAN NOMENCLATURE IN MICHIGAN 
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“Ficure 2.—-Middle Devonian Nomenclature in Michigan 


| 
| 
| | 
| 
7 
7 
| 
> 
| 
| 
| 
| 
i 
i 
id 
ag 


730 B, NEWCOMBE—DEVONIAN UNCONFORMITY IN MICHIGAN 


Long Lake Series in the vicinity of Rockport, Alpena County. During 
1926 Ver Wiebe surveyed the Alpena region in detail for the Land 
Economic Survey and accepted the prevailing terminology but added 
names for certain additional minor divisions. He also recommended 
that the stratigraphic section of the Alpena limestone be increased to 
include 126 feet of beds that had been assigned to the Long Lake series 
and the Long Lake series be reduced commensurately. At the Michigan 
Academy of Science, in 1929, Ehlers and Hussey, after examining mate- 
rial from wells and secticns in shafts, suggested a tentative correlation 
of the Middle Devonian formations in northern. and southern Michigan. 
New formation names may be proposed when the faunas examined by 


these geologists are more closely studied. 


Virws or OTHERS 


Although Lane* recognized the southward thinning and_ possible 
absence of the Dundee in the southwest corner of the State. he wrote in 
1910 :6 


“There is good reason to suppose that during late Traverse there was some 
emergence, while the line between Dundee and Traverse does not appear to 
be marked by a notable unconformity in Michigan.” » 


This statement he now withdraws. 


At the end of Onondaga time Appalachia was broadly elevated in the 
east and, according to Schuchert,? the Acadian positive element was also 
lifted up and folded late in Onondaga time. It is reasonable to assume 
that some depression of sealevel attended this movement in the east, 
drawing off the water and producing eustatic uplift around the margins 
of positive elements in the Middle West. Ulrich ® regards the Devonian 
as a period of progressive overlap, which is well shown in western Michi- 
gan. In 1899 Weller ® found a Devonian deposit in northeastern Illinois 
and wrote: 


“The presence of this Upper Devonian fauna at Elmhurst, buried as it is 
deep down in the Niagara limestone, indicates with certainty that during 


5A, C. Lane and A. E, Seaman: Notes on the geologic section of Michigan. Mich. 
Geol. Survey, Ann. Rept. for 1908, pn, 70. 

®A. C. Lane: Notes on the geologic section of Michigan, pt. 2, Jour. Geol., vol. 18, 
1910, p. 417. 

7 Charles Schuchert : Paleogeography of North America. Bull. Geol. Soc. Am., vol. 
20, 1910, p. 542. 

SE. O. Ulrich: Revision of Paleozoic systems. Bull. Geol. Soc. Am., vol. 22. 1911, 
p. 472. 

°Stuart Weller: A peculiar Devonian deposit in northeastern Illinois. Jour. Geol., 
vol. 7. p. 486. 
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the greatest part of Devonian time the region now known as northern Illinois 
was above sea level.” 


In a later paper Weller '® states that during the Hamilton period the 


sea transgressed toward the south and occupied areas that had been dry 


land during Onondaga time. This statement does not take into consid- 
eration the possibility of erosion of the Dundee. The unconformity at 
the base of rocks of Hamilton age at Milwaukee, Wisconsin, which has 
been considered by several geologists," is definitely established. Smith '* 
suggests that because of the thinning of the Dundee on the west side 
of the State, it may be absent at some places, as at Muskegon. Robin- 
son,!® who made a careful study of the conditions shown by well records, 
wrote, in 1924: 

“Reasoning entirely on the basis of records obtained from drillings it seems 
that the break [at the top of the Dundee] is an important one and that there 
is an erosion surface at the top of the Dundee as well as below it. Such an 
erosion surface would help to account for the abrupt changes in thickness 
which occur in the Ontario sections.” 


During the last six months Ehlers '! has been studving the section at 
the shore shaft of the new water intake tunnel of the Detroit Waterworks 
Department, at East Jetierson Street, opposite the north end of Belle 
Isle, Detroit. He found an irregular, undulating erosion surface at the 
top of the Dundee, showing a wavy contact, having a vertical variation 
of at least a foot. Typical Dundee fossils have been found in the Dundee 
limestone and a Middle Hamilton fauna in the overlying shale. 

These facts strongly indicate that there is a surface of unconformity 
at the base of the Traverse over a large part of Southern Michigan, but 


it has not yet been clearly established. 


Stuart Weller: Correlation of Upper Devonian and Mississippian faunas of North 
America, Jour. Geol., vol. 17, 1909, p, 262. 
1. E. Teller: The Hamilton formation at Milwaukee, Wisconsin. Bull. Wis. Nat. 
Ilist. Soe., vol. 1, No. 1, pp. 47-56. 
«. E. Monroe and E. E. Teller: The fauna of the Devonian formation at Milwau- 
kee, Wisconsin. Jour. Geol., vol. 7, 1899, No. 8, p. 272. 
W. C. Alden, U. S. Geol. Survey Geol. Atlas, Milwaukee Special folio (No. 140), 
U.S. Geol. Survey, 1906. 
Il. F. Cleland: Fossils and stratigraphy of Middle Devonian of Wisconsin. Bull. 
21, Sci. series No. 6, 1911. 
Kk. R. Pohl: The Devonian of Wisconsin. Bull. Pub. Mus. Milwaukee, vol. II, No. 
1, Sept. 8, 1929. 
2 R. A. Smith: Report on Michigan limestones. Mich. Geol. and Biol. Survey, Pub. 
21, Geol. Series 17, 1915, p. 159. 
WW. I. Robinson: Petroliferous formations. Unpublished manuscript. Mich. Geol. 


Survey, p. 4. 
4G. M. Ehlers: Personal communication. 
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MuSsKEGON SECTION 


The record of the discovery well drilled by the Dixie Oil Company 
on the A. and O. Becker farm (see figure 3) may serve as a type section 
for the Muskegon area. Generalized data furnished by other wells in the 
field are included in this figure in order to show variations in thickness 
and conditions peculiar only to certain wells. The bedrock is covered 
by 190 to more than 300 feet of glacial drift, which consists largely of 
lake clay and dune sand. The first beds encountered are the fine-grained 
gray and pink sandstones of the Lower Marshall formation. This forma- 
tion is everywhere water-bearing and the water is usually brackish. 

The Lower Marshall sandstone is underlain by the blue-gray shales and 
calcareous shales of the Coldwater formation. One calcareous phase of 
the Coldwater is a gritty granular limestone, which is persistent through- 
out the field at a depth of about 270 feet below the top of the formation. 
At many places it contains oil and gas and here and there some water. 
In the lower part of the Coldwater there is a bed of red, shaly fossiliferous 
limestone, which can be so easily recognized that it is the most useful 
horizon marker in the field. It has not yet yielded determinable fossils. 
Oil and gas are found in considerable quantities at this horizon in some 
parts of the producing area. 

The Berea can not be definitely identified at Muskegon. The vari- 
colored greenish gray and gray beds of sandy shale found about 30 feet 
below the red limestone probably represent beds equivalent to the Berea- 
Bedford of eastern Michigan. In their porous parts in the Muskegon 
field they contain small quantities of oil. Near the bottom of the group 
these beds become less sandy and their color changed to a darker gray. 

The Antrim shale, which overlies the Traverse, is usually considered 
Upper Devonian, but the exactness of this correlation is still in contro- 
versy. The formation consists of brown and black pyritous shale con- 
taining abundant Sporangttes huronensis. A concretionary zone near 
the bottom of the Antrim shale generally logged by drillers as limestone 
is probably nearly equivalent to a like zone observed at Kettle Point, in 
Ontario; at Paxton, in Alpena County; and at Norwood, in Charlevoix 
County, Michigan. 

The Traverse group at Muskegon includes an average of about 430 feet 
of strata. Of this thickness, 60 to 70 feet should be classified as Upper 
Traverse (Thunder Bay), 200 to 210 feet as Alpena-Petoskey limestone, 
160 feet as Lower Traverse (Long Lake), and from 5 to 10 feet as Bell 
shale. The Bell shale is at many places split into two beds by a layer of 
limestone from 3 to 12 feet thick. At the top of the Lower Traverse 
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MUSKEGON 


there is a 30-foot bed of anhydrite 
and dolomite. This bed was prob- 
ably formed at the end of Long Lake 
time, when the sea was shallow and 
the land was a desert in which there 
was considerable evaporation and 
consequent concentration of  sul- 
phate. The reworking of the Mon- 
roe-Salina deposits may also have 
contributed to this concentration. 

The oil-bearing beds include one 
(20 to 30 feet thick) in the Alpena- 
Petoskey limestone; one at the top 
of the lower Traverse, below the bed 
of anhydrite; and one (ranging in 
thickness from a few inches to sev- 
eral feet) below the base of the Bell 
shale. The water-bearing beds are 
associated with the oil-bearing beds 
and are also about 100 feet below 
the top of the lower Traverse. 

The base of the so-called Dundee 
has not been distinguished clearly 
enough to show accurately the thick- 
ness of that formation, which is 
probably variable but may at some 
places reach 20 or even 30 feet. It 
was once supposed that the water 
found about 100 feet below the top 
of the lower Traverse (see figure 3) 
represented the base of the Dundee 
and that the Bell was absent, but 
studies covering a wide area, a close 
observation of the pay horizon, and 
the discovery of some fossils in the 
Bell shale furnish evidence that is 
strongly adverse to this supposition. 
It is possible, however, that the 
lowest fossiliferous productive bed 
beneath the Bell shale may be the 
Anderdon limestone, of Detroit 


River age. 
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CONDITIONS OF DiscONFORMITY 


The formations show a rather uniform change in lithologic character 
and in thickness as they are traced by well logs across the State. The 
conditions of disconformity are shown in figure 4, which has been drawn 


approximately to scale. The Traverse group becomes thinner westward 
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from Mount Pleasant to Milwaukee at the rate of about 2.7 feet to the 
mile. The Bell shale also becomes thinner toward the west and south. 
According to Grabau’® this thinning is due in part to the fact that the 
sediment which formed the shale was derived from an area that lay 
farther east. 

In addition to this thinning there is a progressive overlap of the Bell 
shale toward the west. The Bell overlies older and older beds successively 


A.W. Grabau: Geology and paleontology of the Devonic formation of northern Michi- 
gan. Unpublished manuscript, p. 90. 
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toward the southwest, and although it is always the basal member of the 
Traverse group it may be of the same age as beds in the east that exist 
higher in the section. Farther south, in Ottawa County near Holland, 
it has not been found. , 

Certain conditions observed in the Muskegon oil field indicate a discon- 
formity. Fragments of rock blown out of wells contain a great deal of 
pyrite, which indicates extensive circulation of iron-bearing water. ‘The 
oil showed little uniformity either in its gravity or its impurities, but 
the variation in its character was probably due in part to differences in 
the conditions of production. It was unlike the Dundee crude oil from 
other parts of Michigan. It was a distinctly “sour” oil, containing about 
1 per cent of sulfur and a large percentage of the naphtha fractions. 
These facts strongly suggest that the oil is not coming entirely from the 
Dundee horizon. 

The rock below the Bell shale varies in texture, and the pay streaks 
show no uniformity. Some of the rock is limestone and some is dolomite, 
a fact indicating that in places certain beds may have been eroded away. 
The first gas was struck below the bottom of the Bell shale at different 
horizons, the greatest interval between them amounting to 12 feet or more. 


CHARACTERISTIC WATERS 
The absence of the characteristic “black” water at the base of the ‘‘so- 
called” Dundee at Muskegon is notable. This water is struck nearly 
everywhere in the eastern part of the State, especially in the Port Huron 
region. It probably represents the pre-Onondaga erosion surface, which 
is found all over the eastern United States. 

Possibly this water is represented by the edge and bottom water found 
in the lowest oil-producing beds, as it might be if the Dundee has been 
almost entirely eroded away. A water that has many of the physical 
characteristics of the black water in eastern Michigan occurs from 60 to 
80 feet above the base of the Bell shale. A comparison of analyses of 
the water, however (especially of the ratio of Na to Ca) shows that the 
persistent brine is more closely related to a typical Traverse. water. 
Other brines in the Traverse formation, such as the “edge water” in the 
Upper and Lower Traverse oil-bearing beds, are found, but their occur- 
rence depends on structural conditions, Their properties show the effect 
of contact with the oil, which has removed the sulphate as it has in most 


of the deeper Michigan waters. 

On certain high parts of the Muskegon structure a brine is found be- 
tween the upper gas and the first oil pay in the so-called “Dundee” pro- 
ducing zone. This water apparently occurs at the top of the first bed of 
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shale below the dolomitic limestone that produces gas. This brine is 
usually soon exhausted, and its association with the gas makes it impos- 
sible to collect a sample for analysis. 


EVIDENCE OF EROSION SURFACE 


Lauer '® and Howard?* emphasize the effect of erosion surfaces at 
unconformities on the formation of oil reservoirs in calcareous rocks. 

Murray and Love ’® studied the effects of organic acids on limestones 
and found that solutions containing organic acids and carbon dioxide 
may percolate downward until their solvent action is carried on from the 
surface of the earth down to the water table. Not only are the organic 
acids alone effective in this solution action but the carbon dioxide liberated 
by the reaction of certain organic acids with the limestone is also to 
some extent an active agent. 

The zone below the shale contains many solution cavities and caves, 
which are irregular in shape and size and show recrystallization like that 
seen in microgeodes. Some of these cavities appear to have contained 
fossils; others have the angularity of druses. All suggest solution. 

The dolomitic character of the oil-producing porous bed at first sug- 
gested its correlation with some bed below the Dundee. The plane of 
separation between the Monroe and the Dundee had been placed by Lane 
where the pure limestone ended and the dolomite began. This division, 
although arbitrary, had always proved to be rather satisfactory, but sev- 
eral facts now point to its inaccuracy. All the beds from the Detroit 
River up through the Ulsterian and Erian Middle Devonian have under- 
gone a progressive change from their type localities to the western part 
of the State, the Detroit River carrying more and more rock salt, the 
Dundee and Lower Traverse containing more and more anhydrite and 
dolomite, and the Upper Traverse beds becoming more dolomitic. At 
Milwaukee the limestone of Hamilton age is so dolomitic that it has been 
called hydraulic limestone or “cement rock.” For these reasons the 
employment of lithologic features as a means of separation must be 
abandoned for distinctions in the western part of the State. 

Several authors '® have supposed that the calcite-dolomite relations 


16 A. W. Lauer: Petrology of reservoir rocks. Econ. Geol. vol. 12, 1917, p. 445. 

17H. V. Howard: A classification of limestone reservoirs. Bull. Am. Assoc. Petr. 
Geologists, vol. 12, Dec. 1928, pp. 1153-1161. Also Am. Pet. Inst. Quarterly Progress 
Report Oct. 1, 1929. 

138A, N. Murray and W. W. Love: Action of organic acids upon limestones. Bull. 
Am. Assoc. Petr. Geologists, vol. 13, Nov., 1929, pp. 1474-1475. 

12 F, M. Van Tuyl: New points on the origin of dolomite. Am. Jour. Sci. 4th ser., 
vol. 42 (Vol. 192), 1916, p. 256. 

C. B. Claypool and W. V. Howard: Method of examining calcareous well cuttings. 
Bull. A. A. P. G., vol. 12, Dec. 1928, p. 1152. 
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below surfaces of unconformity are due to differential solution and 
leaching. Petrographic studies and the examination of samples after 
separation by centrifuging with Thoulet’s solution strongly indicate 
such action. The porosity formed by percolating ground water is’ 
attended by the leaching of the more soluble calcite and the retention 
of the less soluble dolomite. This action would account in part for the 
dolomitic character of the porous pay beds below the Bell shale. 

The character and the thickness of the shale above the pay horizon 
also indicate an erosion surface. The Bell is typically a gray fossiliferous 
calcareous shale that becomes darker near the base. The shale found at 
this horizon in many wells at Muskegon is not very calcareous and its 
color is at some places greenish. Its thickness various not only off the 
limbs of the producing structure, but in beds of about equal structural 
elevation. The shale is from 3 to 10 or 12 feet thick, and at some places 
contains beds of limestone. The conditions described suggest the pres- 
ence of an undulating surface in some places at the base of the shale, 
which indicate the erosional irregularities that are common in a surface 
of disconformity. 


PALEOGEOGRAPHY 


In the western part of the Michigan basin the Onondaga sea was 
probably more widespread than has been supposed. Southwestern Mich- 
igan was land during much of late Onondaga time. Possibly some depo- 
sition took place in a shallow sea in this area, but the beds formed were 
largely eroded away. At the end of Onondaga time the west border of 
the sea was doubtless greatly extended to the west and southwest of Muske- 
gon, although very soon afterwards a drop in the sealevel subjected these 
beds to weathering and erosion. 


CoNCLUSIONS AND SUMMARY 


1. An unconformity of considerable extent is indicated below Hamil- 
ton beds in western and southwestern Michigan. 

2. This unconformity is indicated by nondeposition of the Bell shale 
and erosion of the Dundee formation. 

3. The surface of unconformity is an irregular contact and the effects 
of solution are evident in the subjacent rocks. 

4, The chemical composition of the brines associated with the oil in 
the region seems to prove the absence of the Dundee formation through- 
out much of southwestern Michigan. 

5. The Onondaga sea advanced farther into southwestern Michigan 


than has been supposed. 
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FRAGMENTS OF POROUS ‘‘DUNDEE’’ FROM GAS WELL 


Showing shape and size of cavities. 
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STRESS CONDITIONS WITHIN THE LITHOSPHERE 
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TRADITIONAL OPINION 


Geology holds firmly to a number of notions basal in their nature and 
hoary with age, which receive from geologists that veneration which is 
thought to be appropriate from youth to age. One of these notions is that 
normal or “gravity” faults involve of necessity a tensional stress con- 
dition, just as a thrust displacement being directly a result of folding 
is a consequence of compression. Van Hise wrote in 1898, “The normal 
faults involve an elongation of the crust of the earth as certainly as the 
reverse faults involve a shortening of the crust of the earth”? The first 
part of the statement which is here in point may be correct enough if re- 
stricted to the area within the space of the faulted district. The view 
that the earth broadly considered is under compression has received 
strong support from the generally accepted view of a secular refrigeration 
of the planet resulting in an ever-shrinking core accompanied by adjust- 
ments within the outer shell of the lithosphere, and this view of a shrink- 
ing earth is, I believe, more firmly established today than ever before. 

A difficulty has been that the folding process is associated with the for- 
mation of mountain ranges where the outer surface of the earth is mov- 


1 Manuscript received by the Secretary of the Society August 10, 1930. 
2C. R. Van Hise: Estimate and causes of crustal shortening. Jour. Geol., vol. 6, 1898, 
p. 28. 
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ing outward, or away from its center of figure, as is indicated not alone 
with reference to the general level of the surrounding country but also 
from the datum of mean sealevel. In and of itself where growing moun- 
tain ranges rear their heads to the accompaniment of earthquakes, a 
tensional and not a compressional condition might seem to be the result. 


ASSAM EARTHQUAKE OF 1897 


I may perhaps cite in support of this supposed necessity for assuming 
a general tensional stress condition under such circumstances, the report 
of Dr. R. D. Oldham on the great Assam earthquake of 1897. He had 
noted the evidences of compression of the area during the earthquake and 
he therefore felt compelled to explain the earthquake by thrusts, using 
the structure of the Scottish highlands for illustration. Then he added: 

“The surface features of the Assam range, are compatible with, in some 
respects they suggest the idea that these hills are what the German geologists 
eall schollengebirge, that is mountains which have originated from straight 
up and down thrusts, instead of from lateral compression, like the Alps and 
Himalayas. If this is so, the faults by which the fault scarps are formed 
would be normal faults, and so far from there having been any compression, 
the elevation of these hills would have been accompanied by an extension of the 
surface. The state of strain too, which preceded the earthquake would have 
been one of tension and not compression.” * 


If this seems a not very modern example, reference may be made to the 
recent paper by Lawson from the basin ranges of our own country.* Evans 
also has interpreted both joints and faults as evidences of tension.® 


EARTHQUAKES BETRAY FAULT-BLOCK ADJUSTMENTS 


It should, I think, be clear today that the movements during the Assam 
earthquake were really of the normal or block-fault type, notwithstand- 
ing the fact that a compressional, rather than a tensional, stress con- 
dition, as Oldham supposed, was clearly indicated. I think we may go 
farther and say that barring such localized situations as are found within 
the arch of an anticlinal fold, evidences of a tensional condition of stress 
are noticeably lacking in the outer shell of the lithosphere. 

A wrong impression Aas gained currency among seismologists because 
of the emphasis laid on a prominent single fault sometimes seen to be 
formed during a great earthquake, smaller surface displacements receiv- 


3R. D. Oldham: Report on the great earthquake of the 12th June, 1897. Mem. Geol. 
Surv. Ind., vol. 29, pp. 167. 
4A. C. Lawson: The Cordilleran shield. Proc. Third Pan-Pacific Sci. Congr., Tokyo, 


1926, p. 379. 
5 John William Evans: Regions of tension. Presidential Address, Geol. Soc. London, 


Amer. Geol. Soc. vol. 81, 1925, pt. 2. pp. Ixxx-exxii. 


& 
A 
id 
4 
q 
: 


S 


t 
1 
1 


EARTHQUAKES BETRAY FAULT-BLOCK ADJUSTMENTS 741 


ing but scant attention. The great Mino-Owari earthquake of Japan in 
1891 acquired prominence by reason of the excellent photographs which 
were sent throughout the world and showed the great earthquake fault at 
Midori. Yet a smaller and near parallel fault is observable in the Midori - 
photograph. Again, in connection with the great Assam earthquake of 
1897, one fault, that of the Chedrang Valley, is specially described and 
figured, though three were noted by Oldham on a single traverse through 
the Garo Hills. Tarr and Martin in their descriptions of the Alaskan 
earthquake of 1899 ® described what is evidently a fault mosaic with ad- 
justment of the fault-block type. ‘The same fault-block structure was 
brought out by the writer in connection with the seismotectonic lines of 
the Calabrian earthquake of 1905,’ and together with Willard Johnson in 
connection with the faults of the Owens Valley earthquake of 1872.8 It 
remained for the California Karthquake Commission to focus attention 
once more upon a single fault-plane—San Andreas fault—and to explain 
the earthquake as the result of “crustal creep” and “elastic rebound” on 
this single plane,® as though this quake fell in a class by itself. Recent 
works by Japanese seismologists have shown that the ground within an 
earthquake district is both displaced vertically and tilted in individual 
blocks at the time of the earthquake.’° 


STATE OF STRAIN WITHIN EARTHQUAKE DistRICTS 


I should like now to turn to the examination of earthquakes for their 
bearing on the important question of the state of strain, whether tensional 
or compressional. As is now well known, by far the greater number of 
earthquakes occur within two great belts of growing mountains, one the 
circum-Pacific great-circle belt, the other another great-circle belt which 
intersects the first in the Spice Islands, making an angle of about 67 de- 
grees with the first. These zones lie astride the coastlines, embracing a 


6 Bull. Geol. Soc. Amer., vol. 17, 1906, pp. 29-64. 

7 Beitriige zur Geophysik, vol. 8, 1907, pp. 217-362. 

8 Ibid., vol. 10, 1910, pp. 351-385. 

» Bull. Dept. Geol., Univ. Calif. Pub., vol. 6, 1911, pp. 413-444. 

10N, Yamasaki and F. Dada: The Oku-Tango earthquake of 1927. Bull. Earthq. 
Res. Inst., vol. 4, 1928, pp. 163-177, pls. 17-33. 

A. Imamura: On the multiple source of origin of the great Quanto earthquake of 
1923 and its relation to the fault system connected with the earthquake. Proc. Imp. 
Acad., vol. 5, 1929, pp. 330-333. 

A, Imamura: On the chronic block-movements in the Kyoto-Osaka district. Jap. 
Journ. Astron. and Geophys., vol. 7, 1930, pp. 93-101. 

C. Tsuboi: Investigation of the deformation of the earth’s crust in the Tango dis- 
trict connected with the Tango earthquake of 1927. Bull. Earthq. Res. Inst., vol. 8, 
1930, pp. 153-221, 339-345. 

A. Imamura, N. Nasu, F. Kishinange and C. Yasuda: On the recent Ito earthquake. 
Proc. Imp. Acad., vol. 6, 1930, pp. 190-193. 
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rim to the continent and also a considerably wider rim of the neighbor- 
ing sea bottom. 

As above indicated evidence is accumulating to show that the mass 
movements within both sections of these earthquake zones are of the 
nature of block or normal faulting movements on what appear to be in all 
observed cases vertical or near vertical fault-planes.’t Displacements 
along earthquake faults have been seen to be in places vertical, in others 
horizontal (lateral), or a combination of the two; and the amount of 
such displacement has been measured in feet or in tens of feet, the maxi- 
mum for a single plane so far recorded on the land being 47 feet. 


ForMATION OF TROUGHS IN THE SEA-FLOOR 


Another fact of great significance is that the floor of the seas within the 
earthquake zone is generally subject to abrupt changes of level, and where 
mountain uplift is most marked within the land sections we find long 
and relatively narrow troughs of the neighboring sea-floor which are 
known as “deeps,” and which together represent about one-thirtieth of 
the entire superficial area of the lithosphere. The paucity of soundings 
alone accounts largely, no doubt, for the gaps within these series of 
troughs, and the recent expansion of our knowledge due to the extended 
use of echo methods for sounding is now bringing to light new troughs 
which are always, I believe, in the relationships of position which have 
been indicated above. In fact, prediction of the location of such 
troughs may fairly be made from the conditions observed on the neigh- 
boring shore, if these are considered in connection with the local earth- 
quake history. 


RistnG MOUNTAIN AND SINKING TROUGH A FOLD IN THE SURFACE SHELL 


This conjugate relationship of rising coastal mountain range to offshore 
sinking trough floor would appear to be of the utmost significance and im- 
portance, since it is from these deeps that go out at the time of earthquakes 
those disastrous sea waves which inundate the neighboring shores. In 
1907 the writer ventured to explain these waves as due to a sudden mass 
movement downward of the floor of the deeps with a corresponding de- 


uJ do not here take account of the theory proposed by the California Earthquake 
Commission to explain the earthquake on our Pacific coast in 1906. The study of earth- 
quakes throughout the world has revealed a monotony in characteristics which is as 
striking as is the variety in the phenomena which accompany volcanic eruptions; and 
the theory that a slow lateral creep and a sudden rebound on a single fault-plane which 
they have offered not only does violence to the facts revealed by all other earthquakes 
but to those also of the earthquake described, as has since been shown by geodetic evi- 
dence. So far as geological evidence is concerned the report quite ignores that from 
other earthquake districts. 
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pression of the sea surface immediately above, which would first draw in 
the water from all sides to pile up a high mass of water above the central 
axis of the trough, and then return it to the neighboring shore some 
hours afterwards with the most disastrous results.'* This theory seemed - 
at the time to attract little attention, for geologists had hardly then come 
to realize the measure of the mass movement which accompanies earth- 
quakes, but I believe the theory is practically the only one held today. In 
fact I hardly see how any other can adequately explain the facts that have 
since been revealed. 

There are, it is true, other block adjustments on the sea-floor near the 
shore which are not so clearly identified with troughs, such, for example, 
as those which took place on the shores of Sagami Bay off the Yokohama 
heads on September 1, 1923. ‘Then large upward as well as neighboring 
downward movements occurred with a seismic sea wave which wrecked 
Kamakura. When the major movement is upward the seismic wave will 
not be preceded by a withdrawal of water from the shore. 

This theory naturally demands a very large vertical displacement of a 
considerable area of sea bottom, and a profession brought up on the ideas 
of surface adjustment through infinitely slow crustal warpings as put 
forth by Lyell was unprepared for such revelation as has since come from 
the field of seismology. In April, 1923, based on a survey of what was 
known concerning vigias or perils to navigation at sea on which observa- 
tions by navigators are in disagreement, I stated: “They (the vigias) fall 
to a very large extent within those zones within which mountains are 
rising and troughs being depressed in their neighborhood. Here there is 
good ground to believe that the floor of the ocean has undergone sudden 
changes of elevation measured individually not in tens of feet, as are the 
zones of unrest on the continent, but rather in hundreds and even thou- 
sands of feet.”'* This statement was destined to be quickly verified by 
the new series of soundings taken in Sagami Bay above referred to after 
the destructive earthquake of September 1, 1923, in connection with which 
a seismic sea wave had swept in on the shores and produced havoc at 
Kamakura. The changes in level over considerable areas of the sea-floor 
were here found to be as much as 300 feet, and the importance of the 
demonstration lay not alone in the great number of the soundings taken 
both before and after the earthquake, but rather in the fact that the par- 
tial enclosure of the area made exact determination of position when tak- 
ing the soundings a relatively easy matter."* 


12 Appleton: Earthquakes, an introduction to seismic geology. 1907, p. 254. 

13'The rate of movement in vertical earth adjustment connected with the growth of 
mountains. Proc. Amer. Phil. Soc., vol. 62, 1923, pp. 69-70. 

144Mem. Imp. Marine Observ., vol. 2, 1922-24, et al. 
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EVIDENCE OF COMPRESSION DERIVED FROM BEHAVIOR OF RAILS 
AND BRIDGES 


I come now to the observed evidence concerning changes of superficial 
area within growing mountain ranges at the time of great earthquakes. 
This has been derived from continuous lines which crossed the areas, such, 
for example, as railroads, pipe-lines, water and sewer pipes, bridges, 
etcetera. Such material was examined from many earthquake districts 
in Japan, Hindustan, Baluchistan, Jamaica, South Carolina, California, 
including several district earthquakes within the Japanese areas. This 
evidence seems to be all of one kind and indicates a contraction of area at 
the time of an earthquake. Rails are flexed, pipes are bent up out of the 
ground, bridges have their abutments broken and bent back in the upper 
section or else the girders are thrown out of their seats and override the 
piers by large amounts, often a considerable part of the girder length. 
Rails in the approaches to these bridges are kinked, thus supplying 
evidence that the reduction of area in the bridge span is not compensated 
for by extension of area on either side, as might otherwise be expected 
from the fissuring of the loose deposits along the banks of the stream. 
Parting of rail ends when they occur have generally been transverse and 
measured in inches only. I have sought evidence to the contrary such as 
photographs of separated rai] ends, but thus far in vain.*® 


THE PARADOX EXPLAINED BY INVASION OF MOUNTAIN BELTS FROM THE 
NEIGHBORING SEA-FLOOR 


Such an observation of compression within an area of growing moun- 
tains as an earth wrinkle but with the accompaniment of normal or 
“gravity” faulting is contrary to the fundamental notion of a tensional 
condition of the lithosphere within such an area and especially at such 
a time ; it can only be explained, and I believe is explained, by the invasion 
of such an area by a section of the lithosphere which was before outside 
of it.. 

Growing mountains which possess this structure are found at the 
margin of the oceanic basins, and almost without exception they present 
to the sea a coastal staircase of raised terraces. The treads of these stair- 
cases are former sections of the neighboring ocean floor and the interven- 
ing risers mark the amount of uplift during earthquakes. The belt rep- 
resented by these staircases could appear as the area which has invaded 


154 study of damage to bridges during earthquakes. Jour. Geol., vol. 16, 1908, pp. 
636-653, 8 figs. The evidence has accumulated since this paper was published and 
especially from illustrations in the great report (in Japanese) on the earthquake in 
Tokyo and Yokohama on September 1, 1923. 
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the mountain zone from the neighboring sea-bed during the mountain 
uplift, and it appears to satisfy the condition above set forth (see fig- 
ure 1). 
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MOUNTAIN GROWTH(ACTUAL) 


Ficurr 1.—Theoretical and actual Mountain Growth 


The subsidence during the simultaneous formation of trough deeps 
opposite rising mountain ranges might perhaps by reason of its observed 
greater scale account for the rise of the ranges during compression in 
harmony with the conception of a shrinking of the earth’s core; yet we 
are not called on to make this assumption. The atolls which have formed 
within the coral seas of all basins about which mountains are today rising 
indicate a recent subsidence of a large area of the sea-floor by an amount 
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of from 1 to 2 miles, and such subsidence implies an active thrust con- 
stantly exerted against the shores on one or both margins of these vast 
depressions (figure 2). 

Orographie blocks within the mountain district which is rising are 
thus conceived to be held as within a vise, and the forces tending toward 
a readjustment in position of these blocks become steadily augmented 
until an adjustment can take place in spite of the viselike compression in 


SUCCESSIVE OCEAN FLooRs 


Diagram to illustrate the relation ofa progressive settlement 
of the ocean floor sector to the elevated Pacific strands 


Figure 2.—Diagram illustrating Relation of a progressive Settlement of the Ocean- 
floor to the elevated Pacific Strands 


which the blocks are held. For an instant, then, the blocks are set in 
motion and acquire an acceleration sufficient to carry them beyond their 
natural position of rest before the renewal of the compressive force again 
brings them to rest and under a certain impact jams them together with 
the effect observed in rails, pipes and bridges. 

Compression may thus occur simultaneously with uplift of fault-blocks, 
and on vertical and normal fault-planes. The successional pendulum-like 
transformation of the available potential energy into dynamic energy is 
explained through the viselike compression which is overcome for an in- 
stant, thrusting the readjusting blocks far from their natural position 
of rest, such that they pass to their position of temporary repose through 
alternating and ever-diminishing movements which are known as earth- 
quake aftershocks. 
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INTRODUCTION 
The problems of the tectonics of the Coast Ranges have interested the 
writer for a number of years. His attention was first called to this field 
of research by the discovery that certain high-angled faults in the vicinity 
of Mount Diablo, middle California, were older than the Pliocene-Pleis- 
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tocene folds of that area. The mapping showed conclusively that sev- 
eral of these faults originated in pre-Miocene time. Also, it was found 
that some of them had formed the margins of the former basin of depo- 
sition, and that, in the case of marine invasions into the area, the shore- 
lines were in close proximity to the faults. Detailed mapping on both 
sides of these lines of faulting showed sudden thickening and thinning 
of the sediments; on one side would be found overlaps and erosion con- 
tacts together with marked hiatuses in the sequence, and on the other 
side would be a much greater thickness of deposits in which it was diffi- 
cult to be certain of the lines between the different epochs of deposition. 

From these studies in middle California the writer was led to make a 
general survey of the geology of the Coast Ranges to see whether or not 
the conditions observed in the Mount Diablo region were general. ‘The 
results of this later work have convinced him that the major high-angled 
faults in that area are old, and that most of them have a pre-Cretaceous 
origin. The recognition of the old age of the faulting has brought with 
it other conclusions which, if correct, are fundamental to an understand- 
ing of the geology of the Coast Ranges. These conclusions apply to such 
problems as the origin of the basins of deposition, their location, and the 
processes of sedimentation and folding in the basins. 

The general conclusions as to the tectonics of the Coast Ranges will be 
summarized near the end of this paper. The details of the Coast Range 
geology here given are for the purpose of illustrating the different con- 
cepts or theories as to the fundamental principles involved in Coast Range 
tectonics and paleogeography. It is the application of these theories to 
the latter field in which the writer is most interested. 

The material for the paper is divided into four parts: 

Part I is a summary of the stratigraphic sequence in the Coast Ranges. 

Part II gives: (a) A summary of the criteria accepted by the writer 
for the recognition of primary faulting; (b) a brief description of the 
primary faults of the Coast Ranges and a map showing their positions, 
and (c) a description of six sections across the Coast Ranges south of 
San Francisco and extending from the ocean to the San Joaquin Valley, 
which is the southern portion of the Great Valley of California. 

Part III outlines briefly the local paleogeographic conditions of the 
areas involved. 

Part IV: (a) Reviews the principal papers that deal with the tectonics 
of the California Coast Ranges, and gives (6) a discussion of the theories 
of faulting and folding, and (c) a summary of the general conclusions. 
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Part I: STRATIGRAPHIC SEQUENCE IN THE Coast RANGES 


GENERAL STATEMENT 


Before discussing the tectonics and paleogeography of the Coast 
Ranges, a brief review will be given of the general stratigraphy of that 
area. Accompanying this discussion is a correlation table giving thirty- 
three stratigraphic columns in the Coast Ranges; these were compiled 
from different sources. The table was submitted to selected geologists 
who were acquainted with the stratigraphic details of the different areas. 

Local correlations in the Coast Ranges are fairly well established, but 
the reader should remember that the Mesozoic and Tertiary correlations 
between Europe and western North America, even between western 
North America and the Caribbean and eastern North American prov- 
inces, are at many points still debatable. 


BASAL COMPLEX 


The oldest rocks exposed in the Coast Ranges are generally referred 
to as the Basal Complex, which includes a variety of sedimentary and 
igneous rocks. The most widespread of these are the granites which 
form the core of the western Coast Ranges between San Francisco Bay 
and the Tehachapi Mountains in the South. Some of the areas covered 
by marine Cretaceous and Tertiary deposits in southern California are 
probably underlain by the Basal Complex. The sedimentary and older 
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igneous rocks of the Basal Complex are highly metamorphosed, ap- 
parently as the result of the granitic intrusions. The limestones have 
been altered to marbles, the sandstones to quartzites and the shales to 


slates. 
AGE OF GRANITE INTRUSIONS 


As far as the writer is aware no determinable fossil collections, with 
one exception, have been obtained from these older metamorphosed sedi- 
ments. The one locality from which fossils have been obtained in 
sediments eut by a granitic intrusion is in the marine Triassic of the 
Santa Ana Mountains. These beds, determined as Triassic in age by 
J. P. Smith,? are metamorphosed by the granites which cut them, indi- 
cating that the granites are of post-Triassic age. 

The age of the granites of the middle Coast Ranges is a question over 
which there has been considerable debate. A. C. Lawson * considered 
them pre-Franciscan and believed that in at least one locality the Fran- 
ciscan deposits rested unconformably upon the granites. Later, how- 
ever, these supposedly Franciscan beds were found to be Cretacecus and 
Kocene in age. Lawson correlated the granites of the Coast Ranges 
with those of the Sierra Nevada Mountains, which granites have been 
referred to the latter part of the Jurassic period, because they were in- 
truded into the Mariposa formation that Smith * considered lower upper 
Jurassic. From this post-Mariposa relationship Lawson came to the 
conclusion that the Franciscan period of deposition was post-Jurassic 
and pre-Cretaceous, possibly filling in a hiatus found in other parts of 
the world. The writer accepts the pre-Franciscan age of the granites 
hut not their correlation with the Jurassic granites of the Sierra Nevada 
Mountains. 

FRANCISCAN SERIES 


Under the name “Franciscan Series” is included a variety of sedi- 


mentary, metamorphic and igneous rocks. The name was first used 
by A. C. Lawson ® in his description of the geology of the San Fran- 


25. P. Smith: The comparative stratigraphy of the marine Triassic of western Amer- 
iea. Calif. Acad. Sci. Pr. (3), vol. 1, 1204, pp. 323-430. 

%A4. C. Lawson: Sketch of the geology of the San Francisco Peninsula, Calif. 15th 
Ann. Rept. U. S. Geol. Survey, 1895, p. 436; and 

A. C. Lawson: Description of the San Francisco district: Tamalpais, San Francisco, 
Concord, San Mateo, and Haywards quadrangles. U. S. Geol. Surv., Geol. Atlas, San 
Francisco folio no. 198, 1914, pp. 24. 

4J. P. Smith: The geologic record of California. Jour. Geol. vol. 18, no. 3, 1910, 
pp. 216-227 and table. 

5A, C. Lawson: Sketch of the Geology of the San Francisco Peninsula. 15th Ann. 
Rept. U. S. Geological Survey, 1895, pp. 399-476, pls. 5-12, Rocks. 


we 


752. L. CLARK—TECTONICS OF COAST RANGES OF CALIFORNIA 


cisco peninsula. Outcrops referable to this series have been recognized 
from Oregon south to the islands off the coast of Lower California. 
The reader will find a good statement of the general character of the 
Franciscan sediments in Lawson’s paper and also in two papers by 
E. F. Davis * entitled “The Radiolarian Cherts of the Franciscan Group” 
and “The Franciscan Sandstones.” 

The Franciscan sediments vary greatly in the different areas. They 
include coarse arkosic sandstones, variegated cherts, shales that in some 
localities are metamorphosed to slates, and a minor amount of lime- 
stone. Of the different components the cherts are probably the most 
typical, at least in middle California; in some cases they form compara- 
tively thin members, alternating with coarse sandstones. Both Law- 
son and Davis, judging from the close association of the cherts with 
coarse arkosic sandstones, concluded that the cherts were deposited in 
comparatively shallow water. It was also Davis’s conclusion that the 
sandstones were derived directly from the Basal Complex. 

The thickness of the series is very great; in many places it includes 
thousands of feet of sediments, but the maximum thickness is not known 
because the base is not exposed. The position of the series in the 
geological column is still debatable, since fossils are rare. At only one 
locality, western Monterey County, have determinable fossils been found ; 
the mollusks from this place were described by Charles H. Davis’ and 
referred by him to the upper Jurassic. Plants were also obtained from 
the same locality and they were determined by F. H. Knowlton as being 
distinctly Jurassic. Thus, there seems little doubt that at least part 
of the Franciscan series is Jurassic in age and not post-Jurassic and 
pre-Cretaceous as maintained by Lawson. It is possible that even older 
deposits, such as the Triassic, may be found in the Franciscan. The 
fact should be emphasized that the series is complex, and that compara- 
tively little work has been done in deciphering its record. 

Associated with the Franciscan deposits are several different types of 
igneous intrusive rock, the injection of which took place mostly after 
the deposition of the Franciscan sediments but before the beginning of 
the Cretaceous period. These intrusions were accompanied by orogenic 


6° E. F. Davis: Univ. Calif. Publ., Bull. Dept. Geol., vol. 11, 1918, no. 3, pp. 235-432, 12 
pls., 16 figs. ; vol. 11, no. 1, pp. 1-44, 2 pls., 6 figs. 

7C. H. Davis: New species from the Santa Lucia Mountains, California, with discussion 
of the Jurassic »ge of the slates from Slate Springs. Jour. Geol., vol. 21, no. 5, 1913, 
pp. 453-458, 7 figs. 

7b Since the above was written N. L. Taliaferro has reported the discovery of ammonites 
from the Franciscan of San Luis Obispo County. According to C. H. Crickmay they be- 
long to the upper Jurassic. 
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movements, and at the same time considerable local metamorphism took 
place. The most distinctive of the igneous rocks are the serpentines, 
which are very widespread. They were intruded as peridotites and 
later altered to serpentines. Some geologists have thought that they 
recognized such intrusions in the Cretaceous deposits, but so far as the 
writer has been able to ascertain there are no verified localities in the 
Coast Ranges where such intrusions have taken place. . 


CRETACEOUS 


Much remains to be done on the paleontology and stratigraphy of the 
Cretaceous deposits of the West Coast before a satisfactory classifica- 
tion of the various horizons can be made. That which has generally 
been accepted, with certain modifications, was proposed by Stanton and 
Diller® in 1894; it was based on their studies of the Cretaceous section 
along the west side of the Sacramento Valley. They recognized three 
major horizons, Knoxville, Horsetown and Chico. Two faunal divi- 
sions were proposed for their Knoxville and two for their Chico, and 
these were referred to as upper and lower Knoxville, and upper and 
lower Chico. 

In 1902 F. M. Anderson ® reviewed the known facts about the stratig- 
raphy and faunal zones of the Cretaceous and proposed the name 
“Paskenta” for the upper Knoxville as defined by Diller and Stanton, 
retaining the name “Knoxville” for their lower Knoxville. Although 
the use of the name “Paskenta” has not been generally recognized, yet 
in the writer’s opinion this horizon is a very important one. Several 
paleontologists, including J. P. Smith and F. H. Knowlton,'® have held 
that the line between the lower and upper Knoxville is the true line be- 
tween the Jurassic and Cretaceous periods. According to this view, the 
Paskenta formation, the Aucella crassicollis horizon, would represent 
the basal portion of the Cretaceous, whereas the lower Knoxville of Stan- 
ton and Diller, the Aucella piochii horizon, would represent the upper 
Jurassic. The writer, in his correlation table, has followed Stanton in 
placing the Aucella piochii horizon as belonging to the Cretaceous. It 
should be remembered, however, that this is a debatable point. Over 
large areas, owing to lack of detailed work, Knoxville and Paskenta 


8 J. S. Diller and T. W. Stanton: Shasta Chico series. Bull. Geol. Soc. Amer., vol. 5, 
1894, pp. 435-464. 

®F, M. Anderson: Cretaceous deposits of the Pacific Coast. Calif. Acad. Sci. Proc., 3d 
ser., Geol., vol. 2, 1902, pp. 1-54, pls. 1-12. 

10, H. Knowlton: “Strata containing the Jurassic flora of Oregon” in a paper by J.S. 
Diller. Bull. Geol. Soc. Amer., vol. 19, 1908, pp. 367-402. 
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have not been differentiated, and in such cases the undifferentiated series 
has been called Knoxville. 

Throughout the Coast Ranges the Cretaceous is, for the most part, 
represented by shallow-water sediments, and the sections vary greatly 
in lithology. The Knoxville deposits are more persistent in general 
character; they usually consist of dark colored shales with lenses of 
sandstone and conglomerate, together with a minor amount of limestone 
that usually occurs as lenses or thin layers in the shale. 

T. W. Stanton” in 1895 brought together all the known data con- 
cerning the fauna of the upper Knoxville (Paskenta of Anderson). 
This included the descriptions of about 70 new species. 

The Horsetown horizon, as described by Diller and Stanton, has 
been recognized in California only in the Great Valley, where the best 
sections are along the west side of the Sacramento Valley. The fauna 
of this horizon is marked by the presence of a large number of am- 
monites. 

The Chico group represents more than one stratigraphic, as well as 
faunal, unit, but much more paleontologic work is necessary before a 
satisfactory classification and general correlation of these deposits is 
possible. One of the most remarkable sections of this group is along 
the west side of the San Joaquin Valley and north of the town of Coa- 
linga, where Anderson and Pack‘? have divided the series into two 
formations, the Panoche and the Moreno. The Panoche formation is 
composed of a great series of alternating conglomerates, sandstones and 
shales, most of which were deposited under comparatively shallow-water 
conditions. The maximum thickness of the formation in the type local- 
itv is approximately 20,000 feet. The deposits were derived chiefly 
from the general positive area on the west, “the backbone” of the pres- 
ent Coast Ranges. The Moreno formation of this section stands in 
marked contrast to the Panoche, consisting of light-colored, organic 
shales. 

Little detailed work has been done on the Cretaceous faunas of Califor- 
nia outside of the marginal areas of the Great Valley. Deposits repre- 
senting all the Cretaceous horizons, recognized there, are found from 
the northern to the southern end of the State. In northern and middle 
California they border the coast and are found along certain narrow 


1uT, W. Stanton: Contributions to the Cretaceous paleontology of the Pacific Coast ; 
The fauna of the Knoxville Beds. U. S. Geol. Survey Bull. 133, 1895, pp. 11-132. 

122 Robt. Anderson and Robt. W. Pack: Geology and oil resources of the west border of 
the San Joaquin Valley, north of Coalinga, California. U. S. Geol. Survey Bull. 603, 
1915, 220 pp., pp. 36-57. 
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strips that mark out former connections between the great interior 
basin, now represented by the Great Valley of California, but which, 
as it existed in Mesozoic and Tertiary times, will be referred to as the 
Valle Grande. In the southern part of the State much of the area 
west of the Sierra Madre Mountains and south and west of the Teha- 
chapi-San Emigdeo ranges was covered by different Cretaceous invasions. 
For the most part the sediments in all these areas are clastic, showing 
a great variation as one gocs from one local block to an other. Many 
of the sections are measured in thousands of feet. Mudstones, clay- 
shales, arkosic sandstones and conglomerates prevail very generally, 
with only a minor amount of limestone that is usually found as thin 
lentils in the shales. Organic shales are generally lacking; the only 
area where they have been developed to any great extent along the coast 
is on the west side of the San Joaquin Valley. These may be traced 
from the vicinity of Mount Diablo south to the town of Coalinga. 

One of the local areas, outside the Valle Grande, in which the stratig- 
raphy and faunas of the Cretaceous have been studied and the results 
published is in the Santa Ana Mountains of southern California, Earl 
Packard ™ in 1916 summarized the data then known about this section, 
and in a later paper '* described a number of new species from the Chico 
group of the same general locality. 


EOCENE 


The Eocene of California, including the Paleocene, is divided by the 
writer into four major faunal and stratigraphic horizons. Beginning at 
the base these are called Martinez, Meganos, Domengine and Téjon. 
Until a few years ago only two major horizons had been differentiated, 
Martinez and Téjon, the names which had been proposed by Gabb* in 
1864 for the two divisions of his Cretaceous B. He considered these 
divisons as belonging to the Cretaceous because of the presence of a 
species of ammonite in beds, which he had referred to the Téjon horizon. 

Conrad,'® the veteran and leading Tertiary paleontologist of that 


8 Earl L. Packard: Faunal studies in the Cretaceous of the Santa Ana Mountains of 
southern California, Univ. Calif. Publ., Bull. Dept. Geol., vol. 9, no. 12, 1916, pp. 187-159. 

1% Barl L. Packard: New species from the Cretaceous of the Sinta Ana Mountains, 
California, Univ. Calif. Publ., Bull. Dept. Geol., vol. 18, no. 10, 1922, pp. 413-462, pls. 
24-32. 

6W. M. Gabb: In volume by J. D. Whitney—-Geology of Coast Ranges. Geol. Surv. 
Calif., vol. 1, 1866, pp. 1-197. On the subdivisions of the Cretaceous rocks of California. 
Calif. Acad. Sci. Proc., vol. 3, 1867, pp. 301-306. 

wT, A. Conrad: Descriptions of the fossil shells. (Willivemson's reconnaisance in 
California.) U. S. Pacific Railroad Expl., vol. 5, 1857. Appendix Art. 2, pp. 317-329, 
pl. 11. 
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time, insisted that the series, called Cretaceous B by Gabb, was Eocene. 
His conclusion was based on a collection of fossils sent to him by Blake 
in 1855 from the vicinity of Fort Téjon at the south end of the San 
Joaquin Valley. From this collection Conrad described a number of 
new species and listed others which he believed to be identical with 
certain Eocene species of the Gulf and Atlantic provinces of North 
America. 

In 1896 T. W. Stanton ** published the results of his investigations 
on the Eocene of California and expressed the opinion that there was 
no authentic record of ammonites in the Eocene, and that part of Gabb’s 
difficulty was undoubtedly due to incorrect determination of species and 
part possibly to the mixing of fauna. This controversy,’* which started 
between Gabb and Conrad, was carried on by others for many years, 
and some of the early editions of Dana’s textbook referred to the fact 
that the group ammonites apparently became extinct near the end of 
the Cretaceous everywhere except in California. - 

Stanton, in the paper just mentioned, recognized only one division of 
the Eocene which he referred to as the Téjon. J.C. Merriam published 
a paper entitled, “The Geologic Relations of the Martinez Group of 
California at the Typical Locality,” 1° in which the opinion was expressed 
that the Martinez division was distinct faunally from the Téjon and that 
it probably would be found to be separable stratigraphically. R. E. 
Dickerson *° was the first to demonstrate the stratigraphic break between 
the Martinez formation (Paleocene) and the overlying Eocene deposits, 
then referred to the Téjon. He, however, recognized only one major 
stratigraphic division above the Martinez, the Téjon, dividing it into 
four faunal zones.*"_ These were, beginning at the base, the Turbonilia 


1T. W. Stanton: The faunal relations of the Eocene and upper Cretaceous on the 
Pacific Coast. U. S. Geol. Surv., 17th Ann. Rept., pt. 1, 1896, pp. 1005-1060, pls. 
63-67. 

18 An interesting sequel to this controversy was the discovery by the writer that at the 
locality where Gabb actually obtained his species of ammonites, Peacock Canyon near the 
oid mining town of Clayton, the Eocene deposits were thrust across those of the Cre- 
taceous in such a way that there was an erosional window of Cretaceous deposits sur- 
rounded by Eocene; the Cretaceous beds below the thrust are here dipping in the same 
direction as those of the Eocene and have the appearance of belonging to the same series. 

7% J. C. Merriam: Jour. Geol., vol. 5, 1897, pp. 767-775. - 

2 R. E. Dickerson: Fauna of the Martinez Eocene of California. Univ. Calif. Publ., 
Bull. Dept. Geol., vol. 8, 1914, no. 6, pp. 289-298, pls. 6-18. 

The Martinez Eocene and associated formations at Rock Creek on the western border 
of the Mohave Desert area. Univ. Calif. Pub., Dept. of Geol., Bull. 8, 1914, pp. 289- 
298. 

21 R. E. Dickerson: Note on the faunal zones of the Téjon Group. Univ. Calif. Publ., 
Bull. Dept. Geol., vol. 8, no. 2, 1914, pp. 17-25. Stratigraphy and fauna of the Téjon 
Eocene of California. Univ. Calif. Publ., Bull. Dept. Geol., vol. 9, 1916, no. 17, pp. 363- 
524, pls. 36-46, 14 figs. including map. 
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zone, the Rimella simplex zone, the Balanophylia variabilis zone and the 
Siphonalia sutterensis zone. 

The writer’s studies of the Eocene have shown conclusively that the 
Siphonalia sutterensis zone, considered by Dickerson as the uppermost 
marine Eocene of western North America, in reality is the same horizon 
as his Turbonilia zone, and that his Rimella simplex zone is in part 
equivalent to his Balanophylia variabilis zone. Three major horizons 
above the Martinez (Paleocene) have been recognized and described by 
the writer ; these, beginning at the base, are the Meganos, Domengine and 
Téjon horizons, which are represented by distinct faunas and over 
large areas are separated by stratigraphic breaks. 

In general the Eocene basins of deposition, in detail, were the same — 
as those of the Cretaceous, but the shorelines were very different. The 
Eocene sediments are largely clastic, sandstones predominating. Some 
sections are many thousands of feet thick. The best known sections are 
along the border area of the Valle Grande, in the vicinity of Simi 
Valley in Ventura County, and in San Diego County near the town of 
La Jolla. 


OLIGOCENE 


Divisions. of the Oligocene of western North America.—The Oligocene 
of western North America, as recognized by the writer, is divisible into at 
least three major faunal horizons; which are best represented in the State 
of Washington. Beginning with the lowest they will be referred to as 
the Gries Ranch, Lincoln and Restoration Point horizons. In Califor- 
nia only two horizons have been differentiated ; these will be called the 
Lincoln and San Ramon horizons. The latter is locally known as the 
Agasoma gravidum zone and is correlated tentatively with the Restora- 
tion Point horizon. The first recognition of the presence of marine 
Oligocene in California was by Ralph Arnold in 1906 in a paper en- 
titled “Tertiary and Quaternary Pectens of California.” ?? He listed 
a fauna of about 55 species from the San Lorenzo formation, which he 
considered of Oligocene age; first, because of its intermediate position 
between the upper Eocene deposits and those of the Vaqueros (lower 
Miocene) ; second, because of the presence of certain species of this fauna 
in beds in Washington which had already been referred by W. H. Dall 
to the Oligocene ; and, third, because he believed that some of the species 
were closely related to distinctive Eocene species. 


2 Ralph Arnold: U. S. Geol. Survey Prof. Paper no. 47 (264 pages), 1906, pp. 7-146, 
pls, 2-53. 
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The writer in his previous publication has applied the name “San 
Lorenzo” to the general Oligocene series of western North America. 
After again reviewing the paleontological data pertaining to the type 
section of the San Lorenzo formation it seems best, in view of the poor 
preservation and small number of species in the fauna, to discard that 
name as a general one for the Oligocene series and to use only the local 
formational names correlating them with the general established faunal 
horizons as discussed above. 

The most distinctive and best preserved fauna of the Oligocene of 
western North America is that of the Lincoln horizon, first recognized as 
Oligocene by the late W. H. Dall in a paper by J. S. Diller.?* and later 
described and named by C. E. Weaver.** 

The Gries Ranch and Lincoln faunas of Washington are subtropical. 
The latter fauna is found from southern Alaska to the south end of the 
San Joaquin Valley and along the coast as far south as the town of 
Santa Barbara. A number of distinct eee and faunal divisions 
has keen proposed for the beds containing the fauna of the Lincoln 
horizon, as recognized by the writer. The relative importance of these 
divisions will not be known until more detailed stratigraphic and faunal 
work has been accomplished over larger areas, Several of the more 
important papers discussing the divisions are listed below.** 

The third and uppermost fauna of the Oligocene of Washington be- 
longs to what has been described by C. E. Weaver as the Blakeley horizon, 
locally known as the Acila gettysburgensis zone. The type section of 
this horizon is on Puget Sound in the vicinity of the city of Seattle; 
the deposits are most typically developed in western Washington and 
are also found along the coast of southern Alaska. They are strati- 


27. S. Diller: A geological reconnaissance on northwestern Oregon, U. S. Geol. Sur- 
vey, 17th Ann. Rept. 1896, pt. 1 (pp. 441-520), p. 469. 

2C,. E. Weaver: Tertiary faunal horizons of western Washington, Univ. Wash. Publ. 
in Geol., vol. 1, no. 1, 1916, pp. 1-67, pls. 1-5. 

2° C, E. Weaver: The post-Eocene formations of western Washington. Proce. Calif. 
Acad. Sci., ser. 4, vol. 6, no. 2, 1916, pp. 19-40; Tertiary faunal horizons of western 
Washington. Univ. Wash. Publ. in Geol., vol. 1, 1916, pp. 1-67. 

Katherine Van Winkle: Paleontology of the Oligocene of the oe Valley, Wash- 
ington. Univ. Wash. Publ. in Geol., vol. 1, no. 2, 1918, pp. 69-97, 

B. L. Clark: The San Lorenzo series of middle California. Univ. C x ., Bull. 
Dept. Geol., vol. 11, no. 2, 1918, pp. 45-234, 4 text figs., pls. 3-24. 

Bruce L. Clark and Ralph Arnold: Marine Oligocene of the West Coast of North Amer- 
ica. Bull. Geol. Soc. Amer., vol. 29, no, 2, 1918, pp. 297-308. 

Carroll M. Wagner and Karl H. Schilling: The San Lorenzo group of the San Emigdio 
region, California. Univ. Calif. Publ., Bull. Dept. Geol., vol. 14, no. 6, 1923, pp. 235-276, 
8 pls. ' 
Hubert G. Schenck : Marine Oligocene of Oregon. Univ. Calif. Publ., Bull. Dept. Geol., 
vol. 16, no. 12, 1927, pp. 449-460, 1 text fig. 
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graphically below the Monterey, as defined by Weaver; the Monterey in 
that area apparently represents only the Temblor horizon. In some 
localities a good unconformity separates the deposits of the two horizons ; 
in other localities no well defined contact has been found. 

The fauna of the Blakeley horizon in Washington is fairly large and, 
as has been pointed out by Dickerson,*® represents more temperate con- 
ditions than that of the Lincoln horizon. Comparatively few species 
are common to the Lincoln and Blakeley faunas, more, however, than are 
common to the latter and the overlying Monterey series. It is possible 
that the great difference which exists between the Lincoln and Blakeley 
faunas may be the result of changes in temperature rather than in time. 
The fact that there is a number of highly ornamented molluscan species, 
common to the two, and a general lack of such species common to the 
Blakeley and Monterey horizons indicates a fairly close time relationship 
between the Lincoln and Blakeley faunas. 

The fauna of the San Ramon horizon ** is best known in the vicinity 
of San Francisco Bay and Mount Diablo, from where it has been de- 
scribed by the writer. It is also found in the area south of the San 
Joaquin Valley in the upper part of the Pleito formation (see Correla- 
tion Table, column 16), and unconformably below the Vaqueros and 
Tecuya formations. The latter formation is a series of continental de- 
posits found intercalated with the basal Vaqueros and from it certain 
mammalian fossil species have been obtained, which Chester Stock ** 
has considered either upper Oligocene or lower Miocene in age. This 
is the most important direct evidence for the Oligocene age*® of the 
fauna of the San Ramon horizon as well as that of the Lincoln horizon, 
in that beds containing both faunas are found unconformably below the 
Tecuya and the Vaqueros formations. 


2% R, E. Dickerson: Climate and its influence upon the Oligocene faunas of the Pacific 
Coast with descriptions of some new species from the Molopophorus lincolnensis zone. 
Calif. Acad. Sci. Proc., 4th ser. vol. 7, 1917, pp. 157-192. 

27 B. L. Clark: The San Lorenzo series of middle California. Univ. Calif. Publ., Bull. 
Dept. Geol., vol. 11, no. 2, 1918, pp. 45-234, 4 text figs., pls. 3-24. 

28 Chester Stock: An early Tertiary vertebrate fauna from the Southern Coast Ranges 
of California, Univ. Calif. Publ., Bull. Dept. Geol., vol. 12, no. 4, 1920, pp. 267-276, 6 
text figs. 

2 Ralph Stewart, in his paper entitled “Gabb’s California Cretaceous and Tertiary 
Type Lamellibranchs” (Spec. Pub. no. 3, Acad. Nat. Sci. Phil., Aug. 9, 1930), has ex- 
pressed the opinion that the San Ramon beds are Miocene in age, possibly Aquitanian. 
The writer believes that Stewart had very little basis for such an opinion. The San 
Ramon fauna, which as a whole is fairly well preserved, is found in the San Emigdio 
section in beds stratigraphically and unconformably below beds of Vaqueros (lower 
Miocene) age. As stated above, the San Ramon fauna has more in common with that of 
the Lincoln horizon than with that of the Vaqueros, and if the Lincoln fauna should 
prove to be of upper Eocene age, as suggested in note * then there is all the more reason 
for considering the San Ramon horizon of Oligocene age. 
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Kreyenhagen formation.—One of the most persistent marine Tertiary 
formations along the west side of the San Joaquin Valley is the Kreyen- 
hagen formation. It is most typically represented in the region north 
and south of the town of Coalinga, where the deposits consist of a series 
of light-colored organic shales very similar to the organic Miocene shales 
so common in.southern California. The formation was named and 
described by F. M. Anderson *° from the area crossed by Cantua Creek a 
few miles south of Coalinga. The shales in this section were referred 
by him to the Eocene, but as found in the section north of Coalinga (see 
Correlation Table) he considered them Miocene in age. Later Arnold 
and Robt. Anderson ** referred them to the Téjon Eocene, and in 1913 
Anderson and Pack placed them questionably in the Oligocene. 

In 1917 John Ruckman, then a graduate student at the University of 
California, discovered several well preserved fossils in the upper portion 
of the Kreyenhagen shales north of Coalinga on the Domengine ranch. 
These included three typical Lincoln species, Macrocallista pittsburgensis 
Dall, Leda washingtonensis Weaver and Exilia lincolnensis Weaver, none 
of which had been found in the Eocene or Miocene. The writer, in his 
paper on the San Lorenzo series of middle California, on the basis of 
this fauna tentatively placed all the Kreyenhagen shales as Oligocene. 

O. P. Jenkins has since shown that these upper beds, which contain 
the Lincoln fauna, lie unconformably on the shales below. This upper 
Oligocene formation forms only a small part of the original Kreyen- 
hagen shales of that section. Therefore, the name “Kreyenhagen shales” 
should be retained for the lower shales, and either the beds above the 
unconformity should be given a new name or possibly the name “Kirker,” 
the Oligocene formation north of Mount Diablo, should be applied to 
them. The Oligocene deposits are separated from those of the Temblor 
formation above by a marked structural unconformity. 

In the light of the recent discovery by Thomas Bailey of a well pre- 
served Téjon (upper Eocene) fauna in the upper portion of the Mark- 
eley formation, as exposed in the Potrero Hills north of Suisun Bay, 
not only must the Markeley formation of the Mount Diablo section be 
placed in the Eocene instead of in the Oligocene, as the writer had previ- 
ously placed it, but also this makes it probable that the Kreyenhagen 


°F. M. Anderson: A stratigraphic study in the Mount Diablo Range of California. 
Proc. Calif. Acad. Sci., 3d ser., Geol., vol. 2 (pages 155-248), 1905, pp. 168-169. A fur- 
ther study in the Mount Diablo Range of California. Proc. Calif. Acad. Sci., 4th ser., 
Geol., vol. 3, 1908, pp. 1-40. 

%1 Ralph Arnold and Robt. Anderson: Geology and oil resources of the Coalinga Dis- 
trict, Calif. U. S. Geol. Survey Bull. 398, 1910, pp. 62-70. 


2 
x 


STRATIGRAPHIC SEQUENCE IN THE COAST RANGES 761 


shales of the Coalinga area are upper Eocene in age. Work on the 
microscopic faunas of these shales will undoubtedly throw more light 
on the problem. 

San Emigdio and Pleito formations.—The first paper, in which a fauna 
referable to the Lincoln horizon was listed and described from Califor- 
nia, is by Wagner and Schilling.** They recognized two formations be- 
tween the Téjon (Eocene) and the Vaqueros (lower Miocene), the San 
Emigdio and Pleito formations (see Correlation Table). The fauna 
of the San Emigdio formation and that from the lower and middle 
Pleito represent the Lincoln horizon, containing a number of typical, 
highly ornamented Lincoln species. The fauna from the upper part of 
the Pleito formation belongs to the San Ramon horizon and contains a 
large proportion of the species described from the type section of the 
San Ramon formation which is farther to the north. 

Only recently was it known that marine Oligocene deposits were found 
in the Tertiary section of the western portion of the Santa Ynez Moun- 
tains ** and in the San Julian Mountains. The two most distinctive fos- 
sils from these beds are Crassatellites collina Conrad and Turritella 
lompocensis Arnold; the latter apparently grades into Turrttella loren- 
zana Wagner and Schilling. The fauna from these beds is apparently 
that of the Lincoln horizon. 

The fauna of the Lincoln horizon, as recognized in California, con- 
tains a much larger number of species common to the San Ramon 
horizon than is found common to the Lincoln and Blakeley horizons of 
Washington. This may mean that the Blakeley horizon is somewhat later 
than the San Ramon or, as in the writer’s opinion is more likely, that 
in Washington there were greater temperature differences between the 
waters in which the Lincoln and Blakeley faunas lived than existed in 
the southern area. 

Sespe formation.—Marine Oligocene deposits have recently been rec- 
ognized in the Tertiary section of the San Julian Mountains and of 


32 Carroll M. Wagner and Karl H. Schilling: The San Lorenzo group of the San Emigdio 
Region, California. Univ. Calif. Publ., Bull. Dept. Geol., vol. 14, no. 6, 1923, pp. 235-276, 
8 pls. 

% Since the above discussion of the “Oligocene” marine deposits of the Santa Ynez 
Mountains was written, W. P. Woodring (‘“‘Upper Eocene orbitoid foraminifera from the 
Western Santa Ynez Range, California, and their stratigraphic significance.” Trans. San 
Diego Soc. Nat. Hist., vol. VI, no. 4, 1930, pp. 145-170) has expressed the opinion that 
they are upper Eocene in age. This opinion was based on the presence of a variety of 
the large Eocene Venericardia hornii, which occurs in these beds associated with species 
that were described by Wagner and Schilling from the San Emigdio formation. If this 
correlation is correct then it is possible that the Lincoln fauna is also upper Eocene in 
age. The writer defers acceptance of the Eocene age of these beds until their fauna 
has been adequately monographed. 
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the westernmost portion of the Santa Ynez Mountains. No marine 
beds of that age have been reported south or southeast of these areas. 
In Ventura and Santa Barbara counties the marine Eocene deposits are 
generally overlain by a great thickness of continental sediments, con- 
glomerates, sandstones and shales of variegated color, known as the 
Sespe formation. In some of the sections these deposits are 5,000 to 
6,000 feet thick. They are overlain by marine beds of the Vaqueros 
formation (lower Miocene) ; at some localities the two formations ap- 
pear to grade into each other, at others they show an unconformable 
relationship. 

The Sespe formation probably represents a large proportion of Oligo- 
cene times and may possibly include beds of lower Miocene age. In 
the Santa Ynez Mountains area and as far east as Sespe Creek the 
upper Eocene marine deposits grade into red beds and white sandstones, 
which may be continental in origin; these are locally known as the 
Coldwater sandstones of the Téjon. Thus, it would appear that con- 
tinental deposition may have begun in the upper Eocene and possibly did 
not end until lower Miocene time. 


MIOCENE 


Monterey group—The Miocene deposits of California are generally 
divided into two major groups, the Monterey and the San Pablo. The 
Monterey group, which represents the lower and middle Miocene, is 
divisible into at least two distinct faunal horizons, the Vaqueros and 
the Temblor. The deposits of the former horizon have a more limited 
distribution along the West Coast than those of the latter. For a good 
historical review of the papers dealing with the Monterey group of 
California the reader is referred to a publication by G. D. Louderback 
entitled “The Monterey series in California.” *4 

Beds equivalent to the Vaqueros horizon have not been recognized in 
either Washington or Oregon, and they are apparently also absent along 
the middle and northern portions of the San Joaquin Valley area, though 
they are present in the southern portion of that area. They are not 
found in the vicinity of Mount Diablo nor in the Berkeley Hills but 
are all along the western Coast Ranges from the Santa Cruz basin to 
the Santa Ana Mountains in southern California. 

Along the border areas of the southern portion of the Valle Grande 
and to the west, as in the area north and south of the La Panza Moun- 
tains, where strata of the Temblor horizon are superimposed on those 


%G. D. Louderback : Univ. Calif. Publ., Bull. Dept. Geol., vol. 7, no. 10, 1913, pp. 177- 
241. 
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of the Vaqueros, no good unconformable relationships have been ob- 
served between the deposits of the two horizons, and in some sections 
there appears to be a lithological gradation between the two. At sev- 
eral localities in southern California, however, the beds of the Vaqueros 
and Temblor horizons have been found to be separated by a well marked 
unconformity. 

The Vaqueros deposits, as found in the Santa Cruz Quadrangle,*® 
Santa Cruz County, are reported to be conformable with the San. Lorenzo 
deposits (Oligocene) at the type locality of the latter formation. In the 
San Emigdio Mountains at the south end of the San Joaquin Valley 
there is a marked structural unconformity ** between the upper Oligo- 
cene deposits, locally known as the Pleito formation, and those of the 
Vaqueros (see Correlation Table). In southern California there are no 
marine Oligocene deposits and the Vaqueros deposits over wide areas, 
especially in Ventura County, are underlein by the great series of con- 
tinental deposits, the Sespe formation. 

The fact that the faunas of the Vaqueros and Temblor horizons have 
always been found in the same sequence and that though they are very 
different they,occur in similar facies of deposition, together with the 
presence of the unconformities in southern California and the differ- 
ences in the distribution of the deposits of the two horizons, indicate 
that they are distinct horizons in the Miocene and that the division be- 
tween them is an important one. 

A large part of our knowledge of the fauna of the Temblor horizon 
is the result of the work of F. M. Anderson.** The deposits of this 
the coast of the States of Washington and Oregon, and throughout the 
Coast Ranges south of San Francisco Bay. The fauna in California is 
horizon, known locally as the T'urritella ocoyana zone,** are found along 
best known from the southern San Joaquin Valley area along Kern 
River near Bakersfield. 

The faunas of the Vaqueros and Temblor are found in arkosic sand- 


% J. C. Branner, Ralph Arnold, and J. F. Newsom: Description of the Santa Cruz 
Quadrangle. U.S. Geol. Survey, Geol. Atlas, Santa Cruz folio no. 163, 1909, p. 4. 

3% Carroll Wagner and K. H. Schilling: Univ. Calif. Publ., Bull. Dept. Geol., vol. 14, 
no. 6, 1923, p. 250. 

37. M. Anderson: A stratigraphic study of the Mount Diablo Range of California. 
Proc. Calif. Acad. Sci., 3d ser., yol. 2, 1905, pp. 155-248. The Neocene deposits of Kern 
River, California, and the Temblor basin. Proc. Calif. Acad. Sci., 4th ser., vol. 3, 1911, 
pp. 73-146, 13 pls. 

F. M. Anderson and Bruce Martin: Neocene record of the Temblor basin, California, 
and Neocene deposits of the San Juan district, San Luis Obispo County, California. 
Proc. Calif. Acad. Sci., 4th ser., vol. 4, 1914, pp. 15-112, 10 pls. 

% Turritella ocoyana is also found in the Vaqueros horizon. 


L—BULL. Grou. Soc. AM., Von. 41, 1930 
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stones, but a large proportion of the deposits of the Monterey group 
is shale, usually light in color and often including considerable chert, 
in which case layers of chert and shale alternate in rhythmic bands. 
These beds are usually referred to as the Monterey shales, and are equiv- 
alent to the Salinas shales of San Luis Obispo, Santa Barbara and south- 
ern Monterey counties. In some cases these shales are composed largely 
of the tests of diatoms; for this type the term “diatomite” is often used. 
These light-colored organic shales of the Monterey often have a thick- 
ness of over 5,000 feet, and they are one of the sources of the oil in the 
Coast Ranges. 

The fauna of the Monterey shales is very meager, including such spe- 
cies as Arca montereyana Osmont, Pecten peckhami Gabb, Pecten discus 
Conrad. These shales throughout most of the Coast Ranges either are 
above or are intercalated with sandstones which contain a typical Tem- 
blor fauna. At some localities, as in San Luis Obispo and Ventura 
counties, it is possible that some of the shales belong to the Vaqueros 
horizon. 

San Pablo group.—Upper Miocene deposits in California are known 
from the vicinity of San Francisco Bay to southern California. In 
the former area they are divided into three distinct lithologic and faunal 
units, all referred by the writer *® to the San Pablo group. The lowest 
formation of this group is the Briones formation, which is locally known 
as the Astrodapsis brewerianus zone; the next horizon is the Cierbo 
formation, known as the Scutella gabbi zone, and the upper horizon is 
the Neroly formation or Astrodapsis tumidus zone. 

The Briones formation was formerly included with the Monterey 
group. Trask *° showed that stratigraphically and faunally it was more 
closely related to the San Pablo group. In the San Francisco Bay re- 
gion the deposits of the San Pablo group attain a maximum thickness 
of severa] thousand feet and are composed almost entirely of shallow- 
water deposits, in which arkosic sandstones predominate. In middle 
and southern California light-colored siliceous and argillaceous shales 
form the most conspicuous and persistent members of the series. In 
Monterey and San Luis Obispo counties these deposits are generally 
referred to as the Santa Margarita formation. The fauna of the Santa 
Margarita formation, as found to the north of the town of Coalinga on 
the west side of the San Joaquin Valley, has been listed and a number 


* Bruce L, Clark: Fauna of the San Pablo group of middle California. Univ. Calif. 


Publ., Bull. Dept. Geol., vol. 8, no. 22, 1915, pp. 385-572, 31 pls. 
** Parker Trask: The Briones formation of middle California. Univ. Calif. Publ., Bull. 


Dept. Geol., vol. 18, no. 5, 1922, pp. 133-174, pls. 1-8. 
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of species described by J. O. Nomland*' in his paper entitled “Fauna 
of the Santa Margarita beds in the north Coalinga region of California.” 

In the Santa Maria district of Santa Barbara County, in Ventura 
County and in the Los Angeles area a large proportion of the upper 
Miocene shales was formerly incorrectly correlated with those of the 
Monterey group. In Ventura County, as pointed out by Kew,*? a large 
part of the Modello formation, formerly all referred to the lower Mio- 
cene, is apparently of upper Miocene age. So likewise is the upper 
part of the Puente formation ** of the Los Angeles area. As yet the 
upper Miocene deposits in southern California have been only imper- 
fectly differentiated. The name “Modello formation” has been applied 
by the United States Geological Survey to the upper Miocene deposits 
in southern California. It is recognized that the type section of the 
Modello may include lower and middle Miocene sediments as well as 
those of upper Miocene age, the name being restricted to the upper Mio- 
cene portion of that section. 


PLIOCENE AND PLEISTOCENE 


General statement.—The variety of names applied to the Pliocene of 
the West Coast is an indication of the difficulties that have been en- 
countered in establishing correlations between the areas. These diffi- 
culties have resulted from several factors: First, the basins of deposi- 
tion were more local than those of the Miocene; second, in general the 
land masses stood higher, bringing about greater variations in the con- 
ditions of sedimentation; and, third, there were greater variations in 
climatic conditions, both local and general. The result of this was the 
differentiation of the faunas such as to make it difficult to establish 
exact correlations, and the early workers were forced to use local names 
for the various sections. Thus, in the northwestern part of the State, 
the Wildcat formation is, at least in part, equivalent to the Merced 
formation of the San Francisco Bay region, and the latter in turn is 
equivalent to the Purisima formation of the Santa Cruz area (see 
column 9, Correlation Table). The Purisima formation is the equiv- 
alent of the Etchegoin formation and possibly includes the Jacalitos of 
the San Joaquin Valley area (see columns 12 and 13, Correlation Table). 
In southern California the marine Pliocene is referred to the Fernando 


“J. O, Nomland: Univ. Calif. Publ., Bull. Dept. Geol., vol. 10, no. 18, 1917, pp. 293- 
326, pls. 14-20. 

2W. S. W. Kew: Geology and oil resources of a part of Los ee and Ventura 
counties, California. U. 8. Geol. Survey Bull. 753, 1924, p. 55. : 

* Walter English: Geology and oil resources of the Puente Hills titi, Southern 
California. U.S. Geol. Survey Bull. 768, 1926, p. 26. 
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group (see columns 24, 25, 26, 27, 28, 29, 30, Correlation Table), which 
includes the Pico and the Saugus formations; besides these, various 
local names have been applied to the different sections, such as San Diego 
Pliocene, San Pedro Pliocene and Santa Barbara Pliocene. 

In general the marine Pliocene faunas of the West Coast indicate 
increasing temperature differences from the north to the south, and 
that the coldest temperatures came near the end of the Pliocene, at 
which time boreal species were common in the shallow waters of the 
Los Angeles and Ventura areas. The Wildcat and Merced invertebrate 
faunas indicate cold-temperate to boreal temperatures. The Purisima 
fauna, found in an area only a little south of the typical Merced, shows 
a fingering in at certain horizons of the cold temperate or boreal con- 
ditions with the temperate. The Jacalitos and Etchegoin faunas, which 
lived in the great interior sea occupying the middle and southern end 
of the Valle Grande basin, represent warm-temperate conditions. In 
southern California the faunas found in the lower and middle portions 
of the Pico formation indicate warm-temperate conditions, whereas that 
found in the upper Pico is cold-temperate. Immediately above this the 
fauna of the Los Posas formation (the marine Saugus of Kew), which 
is Pleistocene in age, again represents warm-temperate conditions. 

Faunal horizons of the Pliocene.—There is yet much to be done be- 
fore the faunal horizons of the Pliocene have been satisfactorily defined. 
The best-known Pliocene section on the coast is along the west side 
of the San Joaquin Valley, the southwestern border area of the old 
Valle Grande. The oldest fauna referred to the Pliocene in this gen- 
eral section is that of the Jacalitos horizon, the deposits of which were 
first described by Ralph Arnold as the Jacalitos formation. The type 
locality of the Jacalitos is a few miles south of the town of Coalinga. 
This fauna, referred to by Nomland * as that of the Chione elsmerensis 
zone, was first considered as upper Miocene by Arnold, who also referred 
his Etchegoin, above this, to the upper Miocene. The writer * in 1915 
pointed out that the Jacalitos and Etchegoin faunas could not be 
correlated with that of the San Pablo as defined as that time, as had 
commonly been done, but that they belonged to a distinctly higher 
horizon. Nomland later, in his analysis of the Jacalitos and Etchegoin 
faunas, proved this conclusively. 

Nomland considered the Jacalitos a part of the Etchegoin formation. 


“J. O. Nomland: The Etchegoin Pliocene of middle California. Univ. Calif. Publ., 
Bull. Dept. Geol., vol. 10, no. 14, 1917, pp. 191-254, 2 text figs. pls. 6-12. 

“B. L. Clark: Fauna of the San Pablo group of middle California. Univ. Calif. Publ., 
Bull. Dept. Geol., vol. 8, no. 22, 1915, pp. 434-435. 
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His reason for this was the difficulty of finding good contacts between 
the two as defined by Arnold. It is the writer’s conclusion that the 
Jacalitos should be recognized as a formation because, first the dis- 
tribution is different—the Jacalitos is present in certain areas where the 
typical Etchegoin is absent and vice versa; and second, the fauna, as a 
whole, is a fairly distinct unit. 

In the section on the south side of Mount Diablo there are about 1,000 
feet of sandstones and conglomerates, most of which are marine; they 
are unconformably above the Neroly formation and are correlated by 
the writer with the Jacalitos farther south (see Correlation Table). 
Beds equivalent to this horizon are also found in southern Monterey 
County in the Arroyo Seco district west of the King City fault. 

The Jacalitos formation, as mapped and described north of Coalinga, 
is very different from that of the type section. The deposits in the 
northern section are continental in origin and contain remains of the 
three-toed horse, Neohipparian molle Merriam, a species referred by 
Merriam ** to the lower Pliocene. The marine Etchegoin deposits above 
it contain the fauna referred to as that of the Pliohippus coalingensis 
zone. A vertebrate fauna, found in the upper Etchegoin of this sec- 
tion, is so recent in aspect that Merriam stated that it might even be 
considered Pleistocene, at least not older than upper Pliocene. 

The Etchegoin fauna, found above the Jacalitos, occurs through sev- 
eral thousand feet of sandstones. Nomland *’ recognized three faunal 
divisions: (1) The Twurritella nova zone; (2) the Pecten coalingensis 
zone; (3) the Mya japonica zone. The last two faunal zones were first 
proposed by Arnold. The Turritella nova zone is the equivalent of 
Arnold’s Glycimeris coalingensis zone. 

In southern California there are at least four distinct faunal horizons 
in the deposits referred to the Fernando group; the lower three of these 
belong to the Pico formation as described by Kew, and the upper to the 
Saugus. The fauna from the basal Pico is the equivalent of that of the 
Jacalitos, containing such species as Chione elsmerensis and Astrodapsis 
fernandoensis. This fauna is listed and some of the species described 
by English in his paper entitled “The Fernando group near Newhall, 
California.” ** In beds above this near the middle of the Pico occurs 


46 J. C. Merriam: Tertiary vertebrate faunas of the north Coalinga region of Califor- 
nia, etc. Trans. Amer. Phil. Soc, n. s., vol. 22, 1915, pp. 191-234. 

47J. O. Nomland: The Etchegoin Pliocene of middle California. Univ. Calif. Publ., 
Dept. Geol., vol. 10, no. 14, 1917, pp. 210-231. 

48 W. A. English: Univ. Calif. Publ., Bull. Dept. Geol., vol. 8, no. 8, 1914, pp. 203-218, 
pl. 23. 
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the typical Etchegoin fauna. Not enough work has been done here to 
differentiate the faunal zones as recognized in the Coalinga region. The 
fauna of the upper Pico is very different to that found in the middle 
and lower; it represents colder water conditions and contains a much 
larger percentage of recent species. The Saugus fauna of Ventura 
County represents warm-temperate waters. This has been referred to 
by J. P. Smith *® as the Santa Barbaran horizon. 

The conclusion of L. N. Waterfall,®° after making a detailed study 
of the Pico and Saugus faunas of the Ventura region, was that the 
upper Pico fauna is equivalent to that of the Santa Barbara Pliocene, 
the San Pedro Pliocene and the San Diego Pliocene. Edward Pressler °* 
has proposed the name “Las Posas formation” for the marine portion 
of Kew’s Saugus. He found that the type section of the Saugus is of 
continental origin and it is not certain that the deposits are contempo- 
raneous with the marine sediments to the west, as Kew believes. At 
the present time it would appear that the fauna of the Las Posas forma- 
tion is of Pleistocene age. This is borne out by the very large percentage 
of recent species in that fauna. In some localities the assemblage is 
almost identical with that of the upper San Pedro Pleistocene. The 
discovery by Pressler in the lower portion of the Las Posas formation 
to the south of the Santa Clara River of two horse teeth which belong 
to the genus Hquus and are close to the species Equus occidentalis, a 
characteristic species of the Pleistocene, corroborates the above evidence. 
Arthur Tieje had previously come to the same conclusion from his 
studies of the fauna from the upper Fernando group of the Los Angeles 
basin that the so-called Saugus of that area, that is, the Las Posas 
formation of Pressler, belongs to the Pleistocene rather than to the Plio- 
cene. If these conclusions are to be accepted it means that in the Los 
Angeles and Ventura areas the marine Pleistocene beds are highly 
folded; in places they have a dip of from 30 to 40 degrees. It seems 
very probable that in some of the larger basins, such as are found in the 
Ventura and Los Angeles areas, there was more or less continuous dep- 
osition from Pliocene into Pleistocene. Along the coast in some locali- 
ties the Pleistocene period is represented by a series of terraces which 
were carved on the positive blocks and indicate uplifts. It is even pos- 
sible that certain surfaces found on the,.major positive block; for ex- 


“J. P. Sntith: Climatic relations of the Tertiary and Quaternary faunas of the Cali- 
fornia region. Proc. Calif. Acad. Sci., 4th ser., vol. 9, no. 4, 1919, p. 141. 

°° L. N. Waterfall: Univ. Calif. Publ., Bull. Dept. Geol., vol. 18, no. 8, 1929, pp. 71-90. 

‘Edward Pressler: Univ. Calif. Publ., Bull. Dept. Geol., vol. 18, no. 13, 1929, pp. 
325-345. 
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ample, the “Perris peneplain” and the old surface on top of the San 
Bernardino Mountains and the San Jacinto Mountains, were well formed 
by the close of the Pliocene period. 

One of the best examples of contrast in the type of deposition, in 
going from a positive to a negative area, is seen in the vicinity of San 
Pedro Hill at the entrance of the Los Angeles harbor. San Pedro Hill, 
according to A. C. Lawson, has thirteen distinct terraces. In the area 
just north of it there are at least 1,000 feet of alluvium before. reaching 
the Pleistocene; here the latter deposits are of great thickness. In both 
the Los Angeles and the Ventura areas the Pleistocene deposits have here- 
tofore been included with those of the Pliocene because of the fact that 
they have been folded. The folding in the Los Angeles area has 
affected not only the Pleistocene deposits but the later alluvium as well. 

Pliocene continental deposits.—All the Pliocene deposits of the Mount 
Diablo and Berkeley Hills regions, with the exception of those referred to 
the Jacalitos formation on the south side of Mount Diablo, are of conti- 
nental origin. The Pliocene age of these beds is based on the fossil verte- 
brates. The genus Hipparian ** is found in both the Orinda and Siestan 
formations, which apparently are equivalent to the Jacalitos and lower 
Etchegoin respectively of the San Joaquin Valley area. In the southern 
and middle portions of the latter area the marine Jacalitos and Etchegoin 
deposits are overlain by continental deposits, called the Tulare formation, 
which at some localities appear to grade down into the marine beds. 
The Tulare formation in the Coalinga region has a thickness of 2,500 
feet ; the deposits are folded with the underlying Etchegoin. As in the 
southern part of the State, these upper folded beds are probably of © 
Pleistocene age. The marine Pliocene deposits wedge out toward the 
north of the middle portion of the San Joaquin Valley, continental beds 
taking their place, until in the vicinity of Mount Diablo all are of 
either land or fresh-water origin. 

Large areas west of the San Joaquin Valley and San Andreas fault 
were hot inundated by marine waters during the Pliocene. Here, rest- 
ing unconformably on the Micene beds are land-laid deposits that 
are usually referred to the Paso Robles formation and have been consid- 
ered the equivalent of the Tulare formation of the San Joaquin Valley. 
Maririe~Pliocene beds are found in southern Monterey County and in 
the area of the Salinas Valley north of the town of Bradley. These 
areas of deposition are comparatively small and apparently the marine 
Pliocene waters occupied them only a short time. 


52 J. C. Merriam: Vertebrate fauna of the Orindan and Siestan beds in middle Cali- 
fornia. Univ. Calif. Publ., Bull. Dept. Geol., vol. 7, no. 19, 1913, pp, 373-378. 
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Pleistocene deposits on marine terraces.—In general it may be said 
that most of the major positive areas were in the zone of erosion during 
the Pleistocene period, and on them terraces were carved. It is diffi- 
cult and often impossible to correlate the terraces of the various blocks 
because of the fact that there have been different rates of uplift. On 
the other hand, as already pointed out, deposition occurred fairly con- 
tinuously from early Pliocene time through the Pleistocene period and 
up to the Recent in several of the major negative areas, such as the 
San Joaquin Valley and the Ventura and Los Angeles basins. These 
deposits are usually exposed only along the margins of the old basins or 
are cored in the middle of the basins in drilling oil wells. 

From only one locality is there any published detailed study of the 
marine Pleistocene deposits of California. In a paper by Ralph Arnold 
entitled “The paleontology and stratigraphy of the marine Pliocene and 
Pleistocene of San Pedro, California” ** two marine Pleistocene faunas 
are described from the San Pedro section, the lower San Pedro and the 
upper San Pedro. The lower fauna he found to represent cooler water 
conditions than the upper. As already stated, it is very probable that 
the folded Las Posas beds are at least in part contemporaneous with 
those on the older terraces along the coast. 


Part II: StrucrurAL. FEATURES 


GENERAL STATEMENT 


The map on the opposite page shows the positions of the primary 
faults of the Coast Ranges. The data, on which the positions of these 
faults are based, are obtained from various published and unpublished 
maps. A large proportion of the fault lines have been studied in the 
field by either the writer or James Fox, who assisted in the compilation, 
and only faults which we considered definitely proven, by either direct 
or indirect methods, have been included. The term “primary” is used 
instead of “major,” which has been most commonly used by writers. 
The primary faults are the old faults and stand in marked contrast to 
the later faulting that took place at the time of the last folding. They 
are usually zones of faulting rather than individual faults, and some- 
times have a width of more than a mile. No attempt has been made to 
show the smaller details of these zones on the map, each fault being 
indicated by a line. 


CRITERIA FOR RECOGNITION OF BURIED FAULTS 
A fairly large number of the primary faults, recognized by the writer 


® Ralph Arnold: Memoirs Calif. Acad. Sci., vol. 3, 1903, pp. 1-405, 36 pls. 
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in this paper, are buried under later sediments. Many West Coast 
geologists have not understood or applied the criteria for the recognition 
of such buried faults. The principal criteria used by the writer may be 
summarized briefly as follows: 

1. The presence of an abrupt change in the geological sequence on the 
two sides of a line across an area. Very often on one side of such a line 
several thousand feet of sediments are found, which are absent from the 
opposite side. However, the later sediments may be present on both 
sides of such a line, and on the surface there may be no evidence of 
faulting. 

2. The sudden thickening or thinning of the deposits of a single for- 
mation along a line through an area. The interpretation of this phe- 
nomenon is that the floor of deposition was irregular as a result of 
faulting, and that on the depressed block there was more room for sedi- 
ments than on the uplifted block. 

3. Sudden changes in the folding. It is found that often folding is 
confined to certain definite areas, and in the immediate vicinity are 
other areas of unfolded sediments. This sudden change, that is, folding 
in one area and no folding in another, is usually indicative of faulting, 
though the fault may be buried under the later beds. The reason for 
folding in one area and none in another immediately adjacent is that 
in the latter area the deposits were laid across a positive block, in which 
the Basal Complex is near the surface, whereas in the folded area the 
Basal Complex is usually buried under thousands of feet of later 
sediments, 

4. The presence of a series of echelon folds. Echelon folding is one 
of the most characteristic types of Coast Range structure, and almost 
invariably it has been found to be associated with primary faulting. A 
series of echelon folds, the upper ends of which are in line, with no 
associated fault on the surface is taken as evidence of the presence of a 
buried fault along the line of the folds. 

5. The warping of an erosion surface on the downthrown block im- 
mediately adjacent to the suspected fault. A study of the various known 
primary faults in California shows that this is a common phenomenon. 
In some localities a primary fault may be indicated by a well defined 
scarp with the surface of the downthrown block butting into the fault 
with no appreciable warping. A short distance removed, the same sur- 
face may be warped up against the fault, and at other places the drag- 
ging up of the downthrown block may bring it to the level of the surface 
of the upthrown block, in which case there is no fault scarp. 
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PRIMARY FAULT PATTERN 


Enough details as to the position and extent of the primary faults in 
the Coast Ranges south of San Francisco Bay have been obtained to 
show a complicated fault pattern, which might be described as a net- 
work of closely related faults. The faults join each other usually at 
such an acute angle that it is often difficult to tell where one begins and 
the other ends. This close relationship of the primary faults is espe- 
cially true of the area between the Santa Ynez Mountains and a line 
through the north end of San Francisco Bay. One can not but believe 
that here we are dealing with one fault system, all the individual faults 
of which had a common cause and possibly originated at the same time. 

Southward from the Santa Ynez fault it is possible, as maintained by 
Robert T. Hill, that there are two distinct fault systems which may have 
originated at different times. One of them is the continuation of that 
seen in the middle Coast Ranges to which we shall refer as the San 
Andreas system—the San Andreas fault zone being the best known of 
that series of faults. The other will be referred to as the Santa Monica 
fault system which is between the Santa Monica fault on the south and 
the Santa Ynez fault on the north. The Santa Monica fault system is 
the series of faults that Hill*®* believes to be the western extension of 
the system in southern Texas and farther east. He. refers to it as the 
transcontinental line of cross structures. 


SIX SECTIONS THROUGH THE COAST RANGES SOUTH OF SAN FRANCISCO BAY 


Sources of information—Six detailed sections through the Coast 
Ranges south of San Francisco Bay are here presented and described. 
The general positions of these are indicated by lines on the fault map 
(plate 16). These sections were drawn from data from various sources ; 
Mr. Fox and the writer are familiar first-hand with the details of most 
of them. They will give the reader a better general picture of the 
structural conditions in the Coast Ranges than could be done in any 
other way. It is believed that a careful study of these sections will 
demonstrate some of the underlying principles of the mechanics of fold- 
ing and faulting to be discussed later. 

The following are references to the authorities and publications from 
which data for the sections were obtained. Numbers underneath sec- 
tions indicate part of section to which references apply. 


*Q. T. Hill: Southern California geology and Los Angeles earthquakes, 1928. Pub- 
lished by the Southern California Academy of Sciences. 
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. Frederick P. Vickery. 


A. C. Lawson. United States Geological Survey, Geological Atlas, San 
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. B. L. Clark. Unpublished manuscript (modified by Clark and Fox). 
. J. M. Kirby and H. W. Weddle. 
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24. W. A. English. Cited in 17, above, section EE. 
25. Arnold and Johnson. Cited in 20 above. 


Section A.—Section A, beginning just south of Half Moon Bay (see 
plate 19), crosses the San Francisco peninsula, San Francisco Bay and 
Mount Diablo to the Great Valley of California. On the west side of 
the section is a narrow block of granite, block A, unconformably over- 
lain by Merced (marine Pliocene). This is separated from block B by 
the Montara fault. The larger part of block B, which forms the Mon- 
tara Mountain mass, is composed of granitic rocks. 

Between the Pilarcitos fault and the San Andreas fault is a narrow 
block of Franciscan, which may be considered a sliver from the larger 
block to the east of block B, and therefore the Pilarcitos fault may be 
referred to as a part of the San Andreas fault zone. 


Key To FoRMATIONS SHOWN ON PLATE 17 


Recent Qal Alluvium 
Pleistocene Sag San Antonio gravels 


Pliocene Livermore formation 
Santa Clara formation 
Siesta formation 
Paso Robles formation 
Purisima 
Etchegoin 
Orinda 
Merced 


Miocene Neroly 
Santa Margarita 
San Pablo 
Briones 
Monterey 
Salinas shales 
Temblor 
Vaqueros 


Oligocene San Lorenzo 
Kirker Tuff 
Markeley Tuff 
Butano 
Kreyenhagen 
Eocene (undifferentiated) 
Domengine 
Meganos 
Martinez 
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Moreno 
Chico 


Cretaceous (undifferentiated ) 


Jurassic Jf Jurassic (Franciscan) 
Be Basement Complex 


Block C, the San Francisco Bay block as here defined, which lies be- 
tween the San Andreas fault on the west and the Haywards fault on 
the east, is crossed by a number of faults, some of which may be primary, 
that divide the area into several smaller blocks. As already stated, the 
reason for considering these as one major block is the lack of any great 
thickness of folded Mesozoic or Tertiary sediments on them, and that 
apparently during the Mesozoic and Tertiary they were acted on as 
a unit. 

Where it is crossed by section A, the San Francisco Bay block has a 
width of about 10 miles; its length is about 100 miles. The only de- 
posits found along the line of the section are those of Recent and 
Pleistocene age, the basement rock everywhere being of Franciscan age. 
All post-Franciscan deposits found on this area are thin, of the shoreline 
type, and have been folded very little or not at all. 

East of the San Francisco Bay block and separated from it by the 
Haywards fault are the Berkeley Hills. This general area is cut by 
several faults; where section A crosses it there are two distinct blocks. 
The western of these two is a narrow block of Cretaceous, the Wildcat 
Canyon block, here indicated as block D. It is bounded on the west 
by the Haywards fault and on the east by the Wildcat Canyon fault. 
Where section A crosses block D the Cretaceous deposits are folded into 
an open syncline; south. of Niles Canyon the block is more complexly 
folded. 

Block E, east of the Wildcat Canyon fault, will be referred to as the 
Berkeley Hills synclinorum. Here is a great thickness of Tertiary sedi- 
ments which are folded into a series of open synclines and anti- 
clines ; the strike of these folds is in general north 50 degrees west and as 
we trace them northward they lie nearly parallel to the Wildcat Canyon 
fault. Northeast of the city of Berkeley (see plate 19) there is at least 
one fold that strikes into the Wildcat Canyon fault, and north of where 
the Wildcat Canyon fault joins the Haywards fault other folds run into 
the latter. On the east side of block E the folds strike obliquely into the 


Sunol fault. 
East of block E is the San Ramon synclinorum, block F. Here is a 
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series of Tertiary sediments folded between the Sunol fault on the west 
and the Riggs Canyon fault on the east. The deposits are highly folded 
in the acute angles formed by the junction of the faults which bound 
the synclinorum, with gentle, more open folds in the middle of the 
block. Thus, toward the north the synclinorum ends in a single syncline 
which is overturned ; the southern end is isoclinally folded and faulted 
(see plate 19). On this block there is, roughly estimated, a thickness 
of 15,000 feet of Mesozoic and Tertiary sediments. 

The Riggs Canyon fault separates the San Ramon synclinorum from 
block G, the Altamont block. As shown in section A, this block in the 
immediate vicinity of Mount Diablo is folded into an anticline with fairly 
steep dips on either side. However, the same beds, when traced to the 
southeast and to the northwest, flatten into a very gentle fold, and to- 
ward the southeast on the Tesla Quadrangle the deposits are nearly flat 
(see east end of section B). In this southern area on the east side of 
the Riggs Canyon fault the sequence is Cretaceous, not including the 
uppermost Cretaceous, unconformably overlain by the Briones forma- 
tion (upper Miocene). This condition is found in the area between 
sections A and B and to the south of section B, whereas on the west side 
there are more than 2,000 feet of Eocene deposits unconformably over- 
lying light-colored Cretaceous shales which are not represented on the 
Altamont block. Above the Eocene beds are several hundred feet of 
Oligocene and lower Miocene deposits, which are isoclinally folded and 
complexly faulted. This change in the sequence, type of deposit and 
thickness on the two sides of the Riggs Canyon fault takes place at the 
fault line and undoubtedly indicates movement on the Riggs Canyon 
fault during the Miocene. The character of the sediments of the Eocene, 
Oligocene and lower Miocene indicates still earlier activities on this 
fault. 

Block H comes above the Mount Diablo thrust, which is one of the 
major structural features of the Coast Ranges of middle California. 
This fault has been traced to the northwest across Suisun Bay and the 
Napa Quadrangle, a distance of about 40 miles from Mount Diablo. 
To the south it has been traced about 30 miles south of Mount Diablo 
into the San Joaquin Valley. The northern and southern portions of 
the fault have not been traced out, but enough is known to show that 
it cuts transversely across the Coast Ranges and in general. lies parallel 
to the major primary fault zones of that area. 

The stratigraphic sequence above the Mount Diablo thrust is very 
different to that on the Altamont block; on the former is found a great 
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thickness of upper Cretaceous deposits, including the Panoche and 
Marino formations which are so well developed farther south in the 
western border area of the Valle Grande. The organic, light-colored 
shales of the Marino and a few thousand feet of sandstones, seen on the 
Mount Diablo block, are lacking on the Altamont block. The Tertiary 
sequence also on the two blocks is very different; Oligocene and Eocene 
deposits are entirely lacking on the Altamont block, whereas these periods 
of time are represented by between 8,000 and 9,000 feet of sediments 
on the Mount Diablo block (see Correlation Table). 

Section B.—Section B, which crosses a number of the same major 
faults as does section A, is a most interesting one in that it shows some 
remarkable changes in the sequence of the Cretaceous and Tertiary de- 
posits in crossing the primary faults; these changes can be interpreted 
only as the result of early crustal movements on these faults. 

The section is taken along a line passing through Pigeon Point on 
the coast and the town of Palo Alto inland. It follows the line of 
geologic section CC of the Santa Cruz Folio.*® From Palo Alto it bears 
more to the east and is continued in a straight line to the town of 
Irvington; from here it is continued in a straight line through Tesla 
to the edge of Tesla Quadrangle. 

The southwesternmost block in this section, block A, the Pigeon Point 
block, is composed of Cretaceous unconformably overlain by the Purisima 
formation (marine Pliocene). East of this block and separated from 
it by a primary fault is the great synclinorum of the Santa Cruz basin, 
block B. Here we find a maximum thickness of about 18,000 feet of 
Tertiary. The oldest deposits exposed in this section, not including the 
limestone inclusion of questionable age in the younger diabase, belong 
to the Butano formation, probably of Oligocene age (see Correlation 
Table) and rest unconformably on the older granites. Thus, apparently 
the Cretaceous is absent on this block, but present on those immediately 
to the west and east. Block B is not one simple unit but, like the 
Berkeley Hills area, is crossed by a number of faults, some of which are 
probably primary. For our purposes it will be considered as one block. 

The Santa Cruz block, which for a long time was a negative unit but 
has more recently been uplifted, is separated from the San Francisco Bay 
block, block C, on the east by the San Andreas fault. Here, as is the 
case everywhere on that block, the basement rock is of the Franciscan 
series and, as already stated, it is a composite block, that is, broken by 


5 Areal Geologic Map. U. S. Geol. Survey, Geol. Atlas, Santa Cruz Folio, no. 163, 


it 
i 
F 
; 
1909 
i A 


778 = -B. L. CLARK—TECTONICS OF COAST RANGES OF CALIFORNIA 


faulting. In the vicinity of the town of Palo Alto we find on the 
San Francisco Bay block a few patches of flat-lying to gently folded 
upper Cretaceous deposits, which are described as being composed of 
coarse sandstones and conglomerates, resting unconformably on the 
Franciscan. In the same area is one isolated patch of Vaqueros (lower 
Miocene) sediments and a fairly large area of marine Temblor * de- 
posits (middle Miocene) which in some places rest on the Franciscan, 
in others on the Cretaceous. Overlying all this and more uniform in 
its distribution are the land-laid Santa Clara Pliocene deposits.. This 
great contrast in the sequence of the formations as seen on the two sides 
of the San Andreas fault, on the west a great thickness of highly folded 
and faulted Tertiary deposits resting on older crystalline rocks, on the 
east only thin erosional patches of Cretaceous, lower Miocene and land- 
laid Pliocene, is indicative of movements on the San Andreas rift dur- 
ing the Tertiary and the Cretaceous. It is significant that the intru- 
sives, which cut the Tertiaries on the west side of the San Andreas fault, 
are not represented on the east side of that line. 

Even more striking changes in the sequence of the formations are 
seen in the area crossed by the eastern portion of section B. The east- 
ern end of this section crosses the southern continuation of the Berkeley 
Hills, the northwestern end of the Mount Hamilton block and a series 
of small blocks that come in between the latter and the San Ramon 
synclinorum ; on the extreme east is the Altamont block. 

There are two distinct blocks in the area referred to as the continua- 
tion of the Berkeley Hills; these are separated by the San Jose Mis- 
sion fault (plate 19). The western block, block D, is a narrow strip 
of flat-lying Pleistocene deposits which, judging from the sequence 
to the north and south, rest on the Pliocene and Miocene formations. 
These Pleistocene outcrops are not shown in the section but are exposed 
just a little to the south of it. East of the San Jose Mission fault is 
block E on which are several thousand feet of Cretaceous deposits over- 
lain unconformably by a considerable thickness of Monterey (middle 
Miocene) and Briones (upper Miocene) deposits. This block is folded 
into a sharp anticline against the San Jose Mission fault with a broad, 
open syncline near the middle; it is bounded on the east by the Sunol 
graben which is in the acute angle formed by the junction of three 
faults. 

In the area a little south of section B and in the vicinity of Calaveras 
Dam the Sunol fault separates the folded series of Cretaceous-Miocene 
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deposits of block E, just referred to, from a mass of Franciscan and 
Miocene deposits on the northern end of the Mount Hamilton block. 
Here, on the east side of the fault, the lower Monterey deposits rest 
unconformably on the Franciscan; above the Monterey is a considerable 
thickness of upper Miocene (Briones formation) and some land-laid 
Pliocene sediments, probably Orinda (lower Pliocene). This great 
change in the sequence, lower Miocene resting unconformably on the 
Cretaceous on one side of the fault and on the Franciscan on the other, 
can be explained only on the basis of pre-Miocene movements on the 
Sunol fault, the eastern block having been uplifted and the Cretaceous 
stripped off from the eastern area before the lower Miocene deposits 
were laid down. ‘The fact that a large part of the Cretaceous deposits, 
where they lie against the fault, is shales is good evidence that they 
once covered a much wider area to the east. The faulting and folding 
of this area have already been discussed by Frederick Vickery. 

Between the Mount Hamilton block and the San Ramon synclinorum 
(plate 19) is a series of smaller blocks, through which section B has 
been taken. In going across these some significant changes in the 
sequence are found which, in every case, take place at the fault line. 
Beginning at the Sunol fault and going east across this section we find 
that on the first block, F, the Franciscan series forms the basement 
rock and is overlain unconformably by deposits of lower and upper Mio- 
cene age, which are more closely folded and faulted and are overlain 
unconformably by the Pleistocene gravels and sands. These latter beds 
lie in the general structural depression of which Vallecitos and La Costa 
valleys form a part. The depression was brought about by the tilting of 
block F toward the north on the Arroyo del Valle fault, which separates 
block F from block G. 

On block G are several thousand feet of Cretaceous sediments uncon- 
formably overlain by the Briones formation (upper Miocene), which 
in turn is overlain unconformably by what appears to be the correlative 
of the continental Siestan formation (middle Pliocene) and that is over- 
lain by the Livermore gravels (Pliocene?) also continental in origin. 
Block G, together with block H, has been tilted to the north against 
the Tesla fault since the deposition of the Livermore gravels, resulting 
in the major part of the broad structural valley to the north known as 
Livermore Valley. 

On the assumption of the former wide-spread deposition of Cretaceous 


57 Frederick P. Vickery: The structural dynamics of the Livermore section. Jour. 
Geol., vol. 33, no. 6, 1925. pp. 608-628. ’ 


LI—BULL. GEoL. Soc. AM., Vou. 41, 1930 


780 L. CLARK—TECTONICS OF COAST RANGES OF CALIFORNIA 


in this general region, the presence of Cretaceous deposits on block G 
and their absence on block F to the west can be interpreted only as 
the result of the uplift of the western block and the stripping of the 
Cretaceous before the deposition of the lower and upper Miocene sedi- 
ments. Thus, the later movements on the Arroyo del Valle fault, which 
separates the two blocks, were reverse to the earlier. Reversal of move- 
ments on the major faults has been a common phenomenon throughout 
the Coast Ranges. 

The presence of lower Miocene deposits on block F and their absence 
on block G is evidence of movements on the Arroyo del Valle fault after 
the deposition of the lower Miocene beds and before the beginning of 
upper Miocene time represented by the Briones formation. 

On block H, the next block east of the one just described, sediments 
oceur, which are believed to be the Siesta (middle Pliocene), resting un- 
conformably on the Franciscan, giving evidence of movements along 
the Arroyo del Valle fault between the periods of deposition of the 
Briones and Siesta (7?) formations. The remaining portion of this sec- 
tion has been described in the discussion of the eastern part of section A 
(page 776). 

Section C begins on the coast at a point about a quarter of a mile 
south of the northwest corner of the San Martin Quadrangle and is 
taken northeasterly, crossing the San Antonio fault at a point about 2 
miles due west of the station known as the “Indians,” which is about 
214 miles south and a little east of Junipero Peak. The section con- 
tinues northeastward until it crosses the King City fault at a point 
just north of Monroe Canyon and about 4 miles south of the town of 
Greenfield. Here it is offset about 7 miles toward the south on the 
King City fault, beyond which it passes one quarter mile south of the 
Matthew Ranch (Metz Quadrangle) and northeastward across Black 
Canyon in the southeast corner of section 33, township 18 south, range 
9 east on the same quadrangle. It crosses Bitterwater Valley 2.4 miles 
southeast of the Bitterwater School, at which point it is offset 25 miles 
toward the southeast along the San Andreas fault, whence it continues 
to the San Joaquin Valley, passing along a straight line through Sher- 
man Peak and a point in the San Joaquin Ridge 3.4 miles southeast of 
San Joaquin Rocks. 

Block A, the Sur block, may be traced along the coast north and 
south for a considerable distance. In the northern area it forms a nar- 
row fringe along the ocean, whereas toward the south it widens out, 
and near the southern end of the Santa Lucia Mountains this block is 
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several miles wide. Throughout the entire area, the Sur block is com- 
posed of Franciscan rocks. 

Block B is the Santa Lucia block. As shown on the section, it has 
been thrust on the Sur block. Its western side is composed of gran- 
itic and metamorphic rocks belonging to the Basal Complex, overlying 
which are about 4,500 feet of pre-Monterey sediments (marked pre-Tv, 
Vaqueros formation) that consist largely of massive, coarse arkosic 
sandstones alternating with dark-colored shales. Martinez (Paleocene) 
fossils are found in the upper 2,000 feet of this series. The lower 2,500 
feet are probably Cretaceous in age. This age determination, how- 
ever, is based entirely on lithology and stratigraphic position, and the 
fact that there are marine Cretaceous deposits present in the areas im- 
mediately south and north. 

Overlying the Martinez beds of this section are about 2,500 feet of 
Miocene sediments, at the base of which are several hundred feet of 
sandstones containing a Vaqueros (lower Miocene) fauna. Above the 
sandstones are more than 2,000 feet of cherty organic shales, the Salinas 
shales. 

Block C is composed of granitic rocks. It is separated from block B 
on the west by the San Antonio fault. Mount Junipero, which is on 
the western side of block B and across which section C is taken, is the 
highest peak in this part of the Coast Ranges. As shown in the sec- 
tion, the granites on the Junipero Mountain block have been brought 
up onto the Miocene shales of block C, the Santa Lucia block. 

Block D is separated from block C by the Bear Canyon fault. The 
western portion of this block is composed of granites, the age of which 
is questionable. Possibly the sediments marked pre-T'eo (Eocene un- 
differentiated) are partly Cretaceous and partly Eocene. Overlying the 
pre-Monterey sediments are about 8,000 feet of Miocene deposits, at the 
base of which are about 1,500 feet of sandstone. This portion of the 
section is the type locality of the Vaqueros formation. Here the 
Vaqueros sandstones are separated from the pre-Monterey sediments by 
several hundred feet of coarse conglomerates, the boulders of which 
(many of them are several feet in diameter) are largely composed of 
granitic rock of the same type as those composing block C, from which 
they appear to have been directly derived. Overlying the Vaqueros 
sandstones are about 6,000 feet of organic, light-colored shales, the 
Salinas shales. Unconformably on the Salinas shales are several hun- 
dred feet of sandstones and shales referable to the Santa Margarita 
horizon (upper Miocene) and unconformably on the latter beds is a con- 
siderable thickness of the continental Paso Robles formation. 
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A little north of where section ( crosses this area, in the vicinity of 
Reliz Canyon and between the Paso Robles and the Santa Margarita 
formations are several hundred feet of sandstones, containing a lower 
Pliocene fauna. Somewhere between Reliz Canyon and section C these 
marine Pliocene deposits are cut out as the result of the overlapping of 
the Paso Robles formation. 

A remarkable and important change in the geological sequence is seen 
at the line of the King City fault. The Tertiary sediments to the west 
of the fault are highly folded and consist of several thousand feet of 
deposits belonging to the Monterey Group, which here includes the 
Vaqueros sandstones (lower Miocene), Salinas shales (middle Miocene), 
Santa Margarita formation (upper Miocene) and Paso Robles formation 
(Pliocene). The Vaqueros sandstones and Salinas shales are not repre- 
sented in the section to the east of the fault on what is here referred to as 
the King City block, block E on the section. On this the granitic basal 
complex is unconformably overlain by a comparatively thin veneer of 
Santa Margarita sandstones and light-colored organic shales, which 
in turn are overlain by a considerable thickness of Paso Robles land- 
laid deposits. The formations on this block are gently tilted to the 
west causing the Santa Margarita beds to be offset by the King City 
fault; the evidence for this was obtained from well logs along the west 
side of the Salinas Valley. 

The great thickness of Monterey deposits to the west of the King 
City fault and their entire absence on the block immediately to the east. 
as is indicated by well logs, is evidence of important movement along 
this fault before the deposition of the Santa Margarita. Judging from 
the type of sediments composing the Monterey deposits that border the 
west side of the King City fault (these are mostly shales, though here 
they are more sandy than in the sections farther west), there is reason 
to believe that they formerly overlapped the King City block but were 
stripped off with the uplift of that block before the deposition of the 
Santa Margarita; the other alternative would be that they were laid 
down against the King City fault. which marked the shoreline, and did 
not extend over on the block. If this were true we would expect to find 
a coarser, more clastic and lenticular series of sediments composing the 
Monterey along the margin of the King City block. Thus, it would 
seem that there is no escape from the conclusion that the King City 
fault was active between the periods of deposition of the Monterey and 
Santa Margarita sediments, and that the block was uplifted causing the 
lower Miocene deposits, which had previously been laid across it, to be 
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stripped off before the deposition of the Santa Margarita. This uplift 
was much greater than anything that has since affected the block. In 
fact, later movements on the fault in this vicinity have been reversed so 
that the block to the west stands higher than the King City block, the 
latter having been tilted toward the west. It is possible that tilting took 
place at the time of the folding. , 

The next major fault east of the King City fault is the San Andreas; 
between them is the King City block, the surface of which will be re- 
ferred to as the King City Mesa (Reed’s ** Gabilan Mesa in part). The 
King City block may be described as a tilted block of granite overlain 


by a comparatively thin veneer of marine upper Miocene and continental - 


Pliocene and Pleistocene deposits. The block is tilted toward the west 
into the King City fault, with its eastern escarpment formed along the 
west side of the San Andreas fault zone. It has a length of over 100 
miles, beginning just south of the Gabilan. Mountains and ending in the 
angle formed by the junction of the King City and San Andreas faults 
near the south end of the Carrizo Plains (see plate 22). The old erosion 
surface on this block, the King City Mesa, is well preserved; it is one 
of very low relief and is tilted with the block. The general evenness of 
this surface (it conforms very closely to the dip of the underlying sedi- 
ments) and the angle of the dip of the block are the reason for referring 
to it as a mesa. There is a marked contrast between this surface and 
those immediately to the east, west and north where the rocks have been 
highly folded and complexly faulted. These areas stand high above 
the King City Mesa and the old erosion surfaces are in general poorly 
preserved; it is apparently impossible to correlate the various local 
cycles of erosion in passing from one of these areas to another. 

In the area crossed by section C the San Andreas fault zone is several 
miles wide. The granites of the King City block terminate at the west- 
ern margin of this zone of faulting. East of it the basement rock is 
the Franciscan complex. The first two faults east of the King City 
block, as shown in section C, belong to the San Andreas fault zone; the 
small block separating them is one of the many minor blocks or slivers 
found along this zone of faulting. It is composed of Cretaceous rocks 
sharply folded synclinally between the two faults. The Cretaceous is 
not represented on the blocks immediately to the east and west. 

The presence of Cretaceous on the small block along the San Andreas 
fault zone shows quite conclusively that the Cretaceous sea at least 


58 R. D. Reed: Post-Monterey disturbance in Salinas Valley, California. Jour. Geol., 
vol. 33, no. 6, 1925, p. 590. 
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lapped across the next blocks to the east, from which Cretaceous sedi- 
ments are now absent, and probably portions of these deposits were laid 
across the King City block farther west. Pre-Miocene vuplifts of the 
blocks brought about the complete stripping away of the Cretaceous be- 
fore the deposition of the Miocene. 

Other deposits, besides those of the Cretaceous, are preserved as rem- 
nant blocks along the San Andreas fault zone. South of section C in 
the vicinity of Stone Canyon is a small block on which there is a con- 
siderable thickness of marine Oligocene sediments that are not present 
in the sections immediately east and west of the fault zone. Another 
small block, composed of Eocene deposits, probably Téjon, was found 
along this zone by M. G. Edwards in the vicinity of the town of Park- 
field. These deposits are not present in the sections on either side of 
the San Andreas rift zone in that genera] region. Here again we may 
judge that the Eocene and Oligocene seas crossed the blocks on one or 
both sides of the fault and that the beds were stripped off by erosion 
some time between the Oligocene and lower Miocene periods. 

In the paper entitled “Tectonics of the Valle Grande of California” °° 
it was pointed out that the San Andreas fault zone, as generally recog- 
nized, is in fact not a single zone but is composed of a series of faults, 
which can be traced into a zone usually accepted as the position of the 
main fault. These branch faults join the main zone en echélon, each 
forming part of it for a short distance; they are so closely connected 
with the main zone that it is difficult to tell where one begins and the 
other ends. This close relation of the main zone of faulting with the 
branch faults is typical of most of the primary faults in the Coast 
Ranges. 

South of the Mount Hamilton block and in the west border area of 
the San Joaquin Valley there is a series of faults of the type referred 
to above, which branch off from the east side of the San Andreas fault 
zone. They all disappear toward the southeast in the folded Cretaceous 
and Tertiary deposits of the Valle Grande. All the folding along the 
west side of the San Joaquin Valley, including those structures well out 
in the valley, can be explained as the result of compression along these 
buried faults, for, though they have not broken through to the sur- 
face, sufficient movement has taken place along them to bring about 
folding. 

The three blocks, labeled block F in section C, make up part of a series 
of blocks that border the east side of the San Andreas fault zone. This 


*® B. L. Clark: Bull, Amer. Assoc. Petrol. Geol., vol. 13, no. 3, 1929, p. 209. 
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strip is about 140 miles long and has an average width of less than 10 
miles; its northern end is near the north end of the Gabilan block and 
the southern end is just north of Polonio Pass. The writer ® called 
this area the Parkfield block, pointing out, however, that it is composed 
of a series of blocks, that the area is badly faulted, and that the folding 
in that area does not correspond in direction to that farther east. On 
this so-called block the Franciscan rocks are unconformably overlain 
by middle (?) and upper Miocene beds, which in turn are overlain by 
marine Pliocene deposits.®* 

The concept formerly held by the writer was that the western edge of 
this old basin, the Valle Grande, was formed by the Parkfield block, 
as defined above, and that there was a continuous zone of faulting be- 
tween this area and the Valle Grande to the east. Later work, how- 
ever, seems to show that what we really have here are portions of the 
western margin of the floor of deposition of the Valle Grande, which 
margin was first dragged up at a very early date along the faults that 
branch off from the main San Andreas fault zone. It is probable that 
Cretaceous, Eocene and Oligocene sediments formerly covered the ends 
of these irregular blocks, which make up the marginal area, but that at 
different times of compression the blocks were uplifted and the western 
portion of them stripped, only the later Miocene and Pliocene shoreline 
deposits being now left. This stripping was not uniform and therefore 
one finds considerable difference in the sequence and thickness of the 
deposits in going from one marginal block to another. With the above 
revised interpretation, the name Parkfield block may still be retained 
for this narrow area along the east side of the San Andreas fault zone. 

The most striking change in the sequence between the coast and the 
San Joaquin Valley, as seen in section C, takes place at the fault which 
forms the eastern side of Block E. East of this zone of faulting is a 
great thickness of Cretaceous deposits limited on the west by the fault. 
A little north of the line of section C is a series of upper Cretaceous 
(Panoche formation) 20,000 feet thick, as reported by Anderson and 
Pack.®* These deposits are cut off abruptly at a zone of faulting, west 
of which the sequence is the same as that found on block F. Overlying 


 B. L. Clark: Op. cit., pp. 208-210. 

51 Recent work by Dr: G. Henny (Bull. Am. Ass. Pet. Geol., vol. 14, no. 4, April, 1930) 
in this area has shown that most of the beds referred to the Vaqueros by Pack and Eng- 
lish are of upper Miocene age. In light of this discovery it is not known whether or not 
there are any lower or middle Miocene beds on the area of the Parkfield block. 

62 Robt. Anderson and Robt. Pack: Geology and oil resources of the west border of 
the San Joaquin Valley, north of Coalinga, California. U. S. Geol. Survey Bull. 603, 
1915, pp. 36-57. 
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the Cretaceous beds east of the fault zone is a fairly representative sec- 
tion of the Eocene, Oligocene, Miocene and Pliocene deposits. The 
contrast between this great series of Cretaceous and Tertiary sediments, 
with a maximum thickness of about 40,000 feet, on the east side of the 
zone of faulting to that on the west which has only a few hundred feet 
of later Tertiary sediments, is one of the best examples of great changes 
that appear as we cross these primary faults. 

Section D.—The fourth section starts in the vicinity of the town of 
San Luis Obispo and crosses the La Panza Mountains into the San 
Joaquin Valley (see plates 14, 15 and 18). The western end of this 
section is taken from H. W. Fairbanks’ ** section DD (with some modifi- 
cations by Fox and the writer). The section runs from Lone Black 
Rock near San Luis Obispo Bay northeasterly through the town of San 
Luis Obispo, across the Santa Lucia mountain range three-quarters of a 
mile east of Cuesta Pass; it crosses Santa Margarita Valley 2 miles 
southeast of the town of Santa Margarita, passing the Huerhuero 
School to the crest of La Panza Range about 2 miles north. From this 
point the line of section is offset 5 miles toward the southeast along the 
crest of the La Panza Mountains, continuing northeasterly through the 
Highland School to the Red Hills (Cholome Quadrangle), whence it 
swings due east through Grant Lake; at this point it bears north, cross- 


ing the Temblor Range through a point a mile northwest of Raven Pass; 
farther east it crosses Antelope Valley, through Emigrant Hill, the most 
southerly part of Kettleman Hills and ends in the alluvium of the San 
Joaquin Valley. 


KEY FOR FORMATIONS ON PLATE 18 
Recent Oal Alluvium 
Pleistocene TMck McKittrick formation 


Pliocene Tpr Paso Robles formation 
Tir Tulare formation 
Etchegoin formation 
Fernando formation 
Cuyama formation 
Pisma formation 


Miocene Maricopa formation 
Santa Margarita formation 
Tms Monterey shale and Salinas shale 


*&H. W. Fairbanks: Description of the San Luis Quadrangle (Calif.). U. S. Geol. 
Survey, Geol. Atlas, San Luis Folio, no. 101, 1904. 
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Miocene Tm Monterey formation 

Ttq Tequepis sandstone 

Tpo member (Vaqueros) 

Tv Vaqueros formation 
Oligocene Ts Sespe formation 

Tol Oligocene (undifferentiated ) 
Eocene Teo Nocene (undifferentiated ) 
Cretaceous Kat Atascadero (Chico) 

Kt Toro formation (Knoxville) 

Kk Knoxville Group 

K Cretaceous (undifferentiated ) 
Jurassic Jf Franciscan Group 

Be Basal Complex 


Section D crosses at least eight primary faults and nine distinct blocks. 
The first rocks exposed on the coast are Franciscan in age; they form the 
base of block A and are overlain unconformably by Santa Margarita 
(upper Miocene) deposits, the attitude of which is nearly horizontal. 
East of this is a syncline of Salinas shales (middle Miocene), overlain by 
upper Miocene shales and the sandstones of the Pismo ** formation of 
Fairbanks, and separated from the Franciscan of block A by a major 
primary fault. The deposits on the east side of the syncline rest uncon- 
formably on the Franciscan. Thus, the Miocene sediments of the syn- 
cline and the Franciscan to the east make up block B. On the Franciscan 
area of block B, east of the syncline, are patches of lower and upper 
Miocene. Fairbanks’ map of the area north of this section shows on 
block B a series of irregular patches of flat-lying sediments which are 
incorrectly referred by him to the lower Miocene; later work by the writer 
has shown them to be of Santa Margarita age. There is a marked over- 
lap of the upper Miocene deposits across block B. There are also irregu- 
lar erosional remnants of Cretaceous sediments resting unconformably 
on the Franciscan of block B, giving evidence of incomplete stripping 
before the Miocene deposits were laid down. Along the eastern margin 
of the syncline mentioned above we find the lower Miocene deposits thin- 
ning very rapidly toward the northeast, and the Santa Margarita sedi- 
ments in a comparatively short distance come down onto the Franciscan 
(not shown in the section). A considerable thickness of lower Miocene 
deposits is preserved in the syncline but is not present on either side, 


“The Pismo formation is now known to be the equivalent of the Etchegoin and 
therefore it is Pliocene in age. 
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where the Santa Margarita beds rest unconformably on the older rocks. 
The rapid thinning of the lower Miocene deposits to the east of the syn- 
cline, together with the fact that they become coarser in that direction, 
indicates that here was the shoreline with the sediments coming from 
the east during at least part of lower Miocene time. There is no escape 
from the conclusion that during the Miocene period block B was tilted 
against block A along the primary fault which separates them, forming 
a basin of deposition in which the great thickness of finer sediments 
was laid down in the deeper part of the basin next to the fault. 

East of block B, and immediately east of the area where the Santa 
Margarita formation rests unconformably on the Franciscan (this rela- 
tionship is not shown in the section), is block C, on which there is a 
considerable thickness of Cretaceous and lower Miocene, the block being 
synclinally folded and faulted. Here apparently the Cretaceous beds 
rest unconformably on the Franciscan. Very complex relationships, the 
result of faulting, are found to the north and south of where section D 
crosses the block. This Cretaceous area of block C appears to be the 
northern end of a former Cretaceous channel or trough which extended 
from the coast southward across where now are the San Rafael Moun- 
tains; this old channel will be referred to as the San Rafael trough. Sec- 
tion D is the most northern section crossing the trough; sections E and | 
F, descriptions of which are to follow, also cross it and on them we find 
similar relationships in the area of the San Rafael trough. 

Block D, the next block east of the one just described and separated 
from it by a major primary fault, is near the southern end of the Santa ) 
Margarita Valley. The valley is underlain by flat-lying or slightly | 


folded Salinas shales (lower Miocene) and Santa Margarita (upper ' 
Miocene) sandstones. The lower Miocene beds are exposed a few miles 
north of the section in the vicinity of the town of Atascadero (plate 19) 
where they overlie gently dipping Cretaceous deposits. The sediments 
of this block are very little folded. The block has been dropped in be- 
tween block C on the west and block E on the east; the primary faults 
on either side join just a little to the south of the section. Thus, the 
valley, in which is situated the town of Santa Margarita, may be con- 
sidered as a graben of comparatively recent origin. ( 
East of block D on block E are the steep, southwesterly dipping 
Vaqueros and Salinas shales; these are cut off on the west by the primary ; 
fault which runs along the east side of the Santa Margarita Valley. ‘ 
Here the Vaqueros deposits on block E rest unconformably on the é 


granite. In going across the La Panza Mountains we find a great . 
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granitic area, on the east side of which is a very thick series of lower and 
upper Miocene sediments overlain unconformably by the landlaid Paso 
Robles (Pliocene?) deposits. It is possible that there is another major 
fault in the granites between the Miocene beds on the west and those on 
the northeast of the La Panza Mountains. All this is indicated as a 
part of block E; it is by far the widest block in the section. The Mio- 
cene sediments on the northeast side of the granites of the La Panza 
Mountains were laid down in what is generally referred to as the San 
Juan basin, which is bounded on the east by the King City fault. In 
this vicinity, however, the fault is buried under the Paso Robles conti- 
nental deposits. Apparently the southern portion of the King City fault 
has not been active since Paso Robles time. East of the buried King City 
fault on block F is a section with Santa Margarita beds resting on the 
granites, which condition apparently persists until reaching the San An- 
dreas fault several miles farther east. The granites are not exposed on 
the surface in this area but the fact that here the Santa Margarita 
deposits rest directly on them has been ascertained from several well 
logs. This is the southern extension of the King City block described 
in section C. 

Block G, on the surface, is composed of folded Miocene and Pliocene 
deposits ; however, judging from the fact that on both sides of the block 
there are slivers of Franciscan and Cretaceous along the fault zones, it is 
probable that the block is underlain by both those series. On block H 
is a great thickness of Cretaceous deposits overlain by Eocene and Oligo- 
cene beds and the various members of the Miocene and Pliocene, the 
highest member of the Pliocene being the Tulare, a land-laid formation. 
This great section represents the upfolded sediments on the west side of 
the old Valle Grande. The anticline shown on the right side of the 
section is in the southern end of Kettleman Hills. 

Section E.—Section E crosses a much larger number of major primary 
faults than any other section described. It begins at the beach a mile 
and a half west of Gaviota Station and is taken across the Santa Ynez 
Range through the town of Las Cruces and a point on the Santa Ynez 
River 1 mile west of the state highway bridge; from this point the line 
of section, running northeast across Cuyama Valley, passes through Zaca 
Lake and crosses the San Rafael Mountains at a point on the eastern 
ridge 1.6 miles west of Peak Mountain, from where it goes northeastward 
along the line of section AA taken from English’s map.® His section 
extends to the crest of the Caliente Range 1 mile northwest of Caliente 


® W. A. English: Map of Cuyama Valley. U.S. Geol. Survey Bull. 621, 1916, pl. 19. 
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Peak. Beyond this point the section crosses the Carrizo Plains at the 
south end of Panorama Hills (see MclWittrick sheet, United States Geo- 
logical Survey). Here there is another offset to the north end of the 
same hills, whence the section continues across the Temblor Mountains, 
through a point 1 mile north of McNittrick and across the northern 
extent of Elk Hills to the San Joaquin Valley. 

Block A of this section, beginning on the coast, consists of a series of 
Eocene and Miocene deposits dipping homoclinally rather steeply off to 
the ocean. The crest of the Santa Ynez Mountains forms the middle 
and eastern portions of this block. Blocks B and C contain a similar 
series of sediments. From the similarity of the sequence of these first 
three blocks it would seem that they had similar sedimentary histories 
during the Tertiary period of deposition. They are, however, separated 
by major primary faults, the Santa Ynez and Honda faults. 

Block D, which is much wider than the first three blocks, is probably 
composite and faulting exists that is not shown on the section. It con- 
sists of a series of broad open folds of Miocene and Pliocene deposits 
resting on Franciscan. The Pliocene is partly marine and partly land- 
laid. This block forms what will later be referred to as part of the 
Purisima block, which was one of the major positive blocks during the 
Cretaceous and Eocene. The well logs in the various localities show 
that over much of this area the Miocene rests unconformably on the 
Franciscan. 

East of block D are three narrow blocks, E, F and G, the middle of the 
three being the wider and being composed of highly contorted, folded 
Miocene shales bounded on each side by the two narrower blocks com- 
posed of Franciscan. It is probable that the Miocene of this middle 
block is underlain unconformably by the Franciscan as is the case with 
the block immediately to the south. If this is so, then we may think of 
these three blocks as being slivers from block D along the same general 
fault zone. 

East of these three blocks is a great thickness of folded Eocene and 
Cretaceous deposits forming block H, the sediments of which are folded 
into a broad synclinorum composed of Cretaceous, Eocene and Miocene 
deposits. This is part of the old San Rafael trough referred to in the 
discussion of section D (page 786), plate 18. The Miocene deposits, 
while not exposed in this section, are found in certain other synclines on 
the block both to the north and to the south. Here is the southern con- 
tinuation of the belt of Cretaceous found in the vicinity of San Luis 
Obispo to the north. It is much wider here than in the northern area. 
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Block I, immediately east of block H, is an open-folded block of Cre- 
taceous with the upper Miocene and Pliocene sediments resting uncon- 
formably on it; the Eocene is absent. 

In the next block east of block I, block J, we find a great thickness of 
folded lower and upper Miocene deposits which form the Caliente Moun- 
tains. It is probable, though it is not shown in this section, that here 
we really have two blocks instead of one. We might refer to this general 
block as the Caliente Mountain block. The Caliente Mountains, which 
reach an elevation of 4,000 feet, border the western side of the Carrizo 
plains, an inland desert valley in which there is an enormous thickness 
of alluvium. Some of the wells, which have been drilled in the Carrizo 
plains, have been reported to have gone through several thousand feet of 
alluvium, though some geologists have questioned this. A major primary 
fault is found along the front of the Caliente Mountains forming the 
west side of the Carrizo graben; the east side is formed by the King 
City fault (plates 16 and 22). 

Along the eastern side of this complicated area granite is exposed at 
the surface with lower Miocene resting unconformably on it. This is 
the writer’s reason for considering the eastern limit of the San Andreas 
fault to be just east of the granitic sliver block and not in front of the 
Elkhorn scarp where it was formerly placed. Between the King City 
fault and the San Andreas fault, as recognized by the writer, is a narrow 
strip on which the structures are complicated by faulting and folding. 
Out in the San Joaquin Valley there are at least two faults, the Santa 
Maria and the McKittrick, as shown in the section; these have offset the 
Miocene and, as will be seen later, are important in their relationships 
to the structures in which oil has been obtained. 

Section F'.—This section begins at a point on the beach 1 mile east of 
Goleta Landing (United States Geological Survey, Goleta Special Map) 
and crosses the crest of the Santa Ynez Range 2 miles east of San Marcos 
Pass; then it is taken in a northeasterly direction to a point where the 
Santa Ynez fault crosses the Arroyo Burro (see United States Geological 
Survey, Santa Ynez sheet). Here it is offset 5 miles west along the 
Santa Ynez fault where it follows Nelson’s section EE.%° This goes 
across the headwaters of Red Rock Canyon and the upper Santa Cruz 
Creek, just beyond which a rather sharp northwesterly turn is encoun- 
tered; from here the section is continued in the same direction to the 
crest of the San Rafael Mountains 3 miles east of San Rafael Peak. 


® Richard Nelson: Geology of the hydrographic basin of the upper Santa Ynez River, 
California. Univ. Calif. Publ., Bull. Dept. Geol., vol. 15, no. 10, 1925. 
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Beyond this it crosses the canyon of the upper Sisquoc River and the 
Santa Barbara potrero to Fox Mountain, at which place there is an offset 
of 8 miles to the southeast along the Cuyama fault and the section again 
bears northeastward along a line that passes through Cuyama Peak and 
Pattiway. Just beyond Pattiway it swings slightly to the north and ends 
in the San Joaquin Valley at the mouth of Cienaga Creek. 

Next to the coast on block A of section F is a series of Tertiary sedi- 
ments with the land-laid deposits of the Sespe formation at the base. 
Above the latter is a considerable thickness of sandstones and shales of the 
lower and middle Miocene and Pliocene. This block is broken near its 
western end by a fault, along which the Monterey shales are highly 
folded and contorted. 

On block B, which is much wider than block A, is a repetition of the 
sediments seen on block A. The Pliocene, however, is absent and the 
lower portion of the section belongs to the Eocene. On the west side the 
block dips into the primary fault that separates it from block A. East 
of block B is a series of small blocks, indicated as C on the section? A 
considerable difference in sequence is found on the individual blocks. 
Some of them have been sheared and highly folded so that the sediments 
stand at various angles, and others are folded synclinally with no corre- 
sponding anticline. This type of structure, that is, a syneline bounded 
by major faults with no corresponding anticline on the block, is very 
common throughout the Coast Ranges. It is believed that this series of 
small blocks was originally a belt of insular masses that bordered the 
south side of the old San Rafael trough. The evidence for this old chain 
of islands is the great unconformities, and the difference in sequence of 
the formations on the different blocks. These blocks undoubtedly formed 
a part of a general zone of shearing and crushing, the faults of which 
were active throughout Cretaceous and Tertiary times. 

East of the composite block C is the largest block in this section, 
block D. Here is a series of gentle open folds. The block is a part of 
the San Rafael Mountains and is the southern continuation of block H 
in section E. The sediments were laid down in the San Rafael trough. 
discussed in sections D and E. The fault shown near the left end of the 
block is probably a secondary one. | 

Block E is a small block on which we find a little Miocene sharply 
folded. What lies below is not known. Block F is composed entirely 
of Miocene and Pliocene; here is a great thickness of lower and upper 
Miocene sediments, together with some land-laid Plice ne deposits, all in 
open folds. Judging from the sections immediately north and south of 
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this, it is almost certain that the Miocene of this block is underlain by 
granite and that Franciscan and Cretaceous deposits are absent. 
Separating block F from block G is the San Andreas fault, east of 
which on block G in the southern part of the Temblor Mountains is a 
series of open folds in the lower Miocene deposits (shown in the section). 
Farther east the Miocene beds disappear under the alluvium of the San 


Joaquin Valley. 
Part III: PaALeoGeoGRAPHIC CONDITIONS IN THE Coast RANGES 
INTRODUCTION 


General statement.—Before discussing some of the details of the paleo- 
geography of the middle Coast Ranges it seems best to outline a few of 
the most important conclusions pertaining to the general tectonics of the 
West Coast accepted by the writer in building up his concepts of paleo- 
geography. 

In the Coast Ranges there is evidence of only two major periods of 
folding since the beginning of the Franciscan period. These will be 
referred to as the Sierra Nevada and the Coast Range revolutions. 

Sierra Nevada revolution.—The Sierra Nevada revolution, which af- 
fected the entire western portion of North America, came somewhere 
near the beginning of the upper Jurassic period. At that time great 
granitic bathyliths were formed in the area of the present Sierra Nevada 
Mountains and in the area of the Great Basin, and the Franciscan de- 
posits of the Coast Ranges were highly folded, faulted and intruded by 
various types of igneous rocks. This period of folding with the injec- 
tions of igneous rocks and the accompanying metamorphism produced 
many new positive blocks, the areas of which had been negative and 
basins of deposition during the Franciscan period, and these blocks re- 
mained positive throughout Cretaceous and Tertiary times. One of 
these blocks is the Sierra Nevada block, as is also the complicated set of 
positive blocks which make up the Klamath, Siskiyou and Trinity moun- 
tains at the northern end of the State. 

The old Franciscan basins in the Coast Ranges had been surrounded 
by older positive blocks composed of what has been termed the Basal 
Complex. Wherever these older rocks are found in contact with the 
Franciscan formation, the relationship between the two is one of fault- 
ing. This relationship of the Franciscan to the Basal Complex with the 
abrupt termination of great thicknesses of deposits at the faults, together 
with the fact that the coarser Franciscan sediments appear to have been 
directly derived from the Basal Complex, would seem to point to fault- 
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trough deposition even at that early date. The basins of deposition dur- 
ing the Franciscan period were very different in their distribution and 
outline from those of the Mesozoic and Tertiary. 

In the Sierra Nevada and Great Basin areas not only were all the 
major marine basins closed by the Sierra Nevada revolution but also, as 
in the Coast Ranges, a large part of the areas covered by them became 
positive and has remained so up to the present time. In the Coast 
tanges all the major basins, formed after the Sierra Nevada revolution, 
appear to have come into existence by the beginning of Cretaceous time ; 
certain of the smaller basins may have had their origin in the Tertiary 
period, judging from the fact that in those areas Cretaceous and older 
Tertiary deposits are lacking. 

Coast Range revolution—The Coast Range revolution had its begin- 
ning very near the close of the Pliocene period. Apparently the greatest 
amount of compression, that produced the major folds and thrust-faults 
of that time, took place during the Pleistocene since beds of lower Pleisto- 
cene age are often found highly folded and faulted. 

During the Cretaceous and Tertiary there was no period of folding 
comparable to that which took place in early Pleistocene time. It is 
true that there was some folding, as shown by such structural uncon- 
formities as those along the marginal area of the Valle Grande or in the 
Santa Monica or Ventura areas of southern California. However, it is 
significant that not one of these unconformities can be traced for any 
great distance from the locality where it is best developed. Local folding 
resulted from movements along certain of the primary faults and there 
is good evidence to show that some of the larger folds had am early origin. 
This folding, however, was not the result of general compression, such as 
took place during the Pleistocene. 

It seems probable that many of the primary faults in the Coast Ranges 
were normal and tensional faults during much of Cretaceous and Ter- 
tiary times. Most of them, at the time of the Coast Range revolution, 
became compressional reverse faults; some of which developed into great 
thrusts. Some of those that were compressional in early Pleistocene 
time appear to be normal now. This alternation from normal to com- 
pressional, and then possibly a reversal to normal brought about some 
very marked reversals of movement of the blocks along those lines. 


AREAS CROSSED BY THE SIX SECTIONS 


San Ramon basin.—During the Cretaceous and Tertiary periods there 
were three major basins of deposition in the San Francisco Bay region ; 
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they are indicated on the map as the San Ramon basin, the Santa Cruz 
basin and the Valle Grande (see plate 22). They were separated from 
each other by positive blocks. The positive Mount Hamilton and San 
Francisco Bay blocks were land during those periods and the shorelines of 
these interior basins were in the immediate vicinity of the faults that 
bound them. Whether the San Francisco Bay block or the Mount Hamil- 
ton block was completely covered at any time during the Cretaceous or 
Tertiary period is doubtful. Portions of them were undoubtedly sub- 
merged, but the sediment laid down at those times were mostly removed 
by erosion which resulted from later uplifts of the blocks. There are a 
few places where patches of Cretaceous and Tertiary rocks have been left 
as erosion remnants; some of these were described in section B on block 
C. The San Francisco Bay and Mount Hamilton blocks are by no means 
simple; each, though broken by faulting, has in the past gone up as a 
unit and therefore the term block, though it might be better to refer to 
them as positive areas. Likewise, the negative areas are far from simple. 
Here the details of the faulting are much better known than in the posi- 
tive areas because more stratigraphic work has been done there. 

The San Ramon basin is one of the best examples of an area of deposi- 
tion, the floor of which was very uneven as a result of faulting. The 
western bounding fault of the basin was the Hayward fault, the eastern 
the Riggs Canyon fault and the fault shown along the east side of the 
Martinez block. The jagged southern side of this area was formerly a 
number of faults, all of which can be traced northward into the basin. 
The various overlaps, indicative of shoreline conditions along these faults, 
have been described in the discussion of sections A and B. 

With our present knowledge of the distribution of the sediments of the 
different epochs of deposition it would take eight or nine paleogeographic 
maps to show the outlines of the different inland seas in this area. The 
reader can get some idea of the marked differences in sequence and 
thickness of the various formations from the columnar section shown on 
plate 20. These differences, in the writer’s opinion, are due to changes 
in the position of the shorelines of the seas of the various epochs, which 
changes were brought about by the movements of the different blocks. 
Thus, no Eocene sediments are found west of the Las Trampas fault, 
though Cretaceous sediments of considerable thickness are in the area 
next to the Haywards fault, which is several miles farther west. The 
Cretaceous seas, especially during lower Cretaceous time, covered a much 
larger portion of the area than did the different Eocene seas. During 
Cretaceous times the San Ramon basin may have connected directly with 
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the Valle Grande to the east, inasmuch as the Altamont block, which is 
east of the Riggs Canyon fault, is largely composed of Cretaceous rocks 
(see plate 20). However, there is good evidence that during the Ter- 
tiary period the Altamont block stood high and the San Ramon basin 
was separated from the Valle Grande. This is shown by the very dif- 
ferent sequence of formations and types of deposits in the two areas. 
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FIGURE 1.—Paleogeographic Map of southeastern Portion of San Francisco Bay Area 


Figure 1 shows the area of deposition in the San Ramon basin during the 
Martinez (Paleocene) epoch. Figure 2 shows the area covered by the 
middle upper Eocene and upper Oligocene seas. Figure 3 shows the area 
of deposition at the time the continental Orinda and Siesta beds were 
laid down. These continental Pliocene sediments were formed in an 
irregular structural valley. At that time a portion of the areas covered 
by the older Tertiary seas was positive and the valley deposits were 
derived in part from them. 
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The diagrammatic cross-sections on the opposite page show some of 
the different stages in the filling of the San Ramon basin. As indicated 
on these sections, the shorelines of the different seas varied considerably. 
In the sections on plate 21 it will be noted that no folding is indicated 
until after the deposition of the Pliocene beds; this is based on the fact 
that most of the contacts between the different formations are discon- 
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Ficure 2.—Paleogengraphic Map of southeastern Portion of San Francisco Bay Area 


formities rather than structural unconformities. The larger part of the 
folding in the area took place somewhere between late Pliocene and early 
Pleistocene times.®* Each block was folded independently of the sur- 
rounding ones and, as will be discussed more in detail later, this folding 
can be accounted for, in the writer’s opinion, as the result of drag at 


67 The mapping of Lawson on the Concord Folio shows a marked structural uncon- 
formity between the Miocene sediments and the Orinda Pliocene. Later work has 
shown this line of contact to be a primary fault, the Las Trampas fault, and that the 
folding was post-Pliocene along this old fault-line. 
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the time of compression. In other words, the folding was not due to 
direct squeeze of the different blocks against each other. 

Santa Cruz basin.—The Santa Cruz basin, like the San Ramon, is 
broken by faulting, and here also there is good evidence that the faults 
were present at the time the deposits were laid down. The area is 
bounded on the south by the Ben Lomond block and on the northeast by 
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Ficure 3.—Paleogeographic Map of southeastern Portion of San Francisco Bay Area 


the San Francisco Bay block. The oldest deposits outcropping in the 
area are Oligocene in age, but there are good reasons for believing that 
Cretaceous and Eocene sediments were laid down and still exist there, 
having not been brought to the surface because of insufficient folding. 
The area is the northern end of a former channel or trough, which in 
Cretaceous and Tertiary times connected the ocean with the Valle Grande 
across the area south of the Mount Hamilton block. This old trough, 
labeled San Benito trough on the maps of plates 19 and 22, appears to 
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have been the most persistent connection between the Valle Grande and 
the ocean. 

Graben areas in the San Francisco Bay region.—Probably the smallest 
basin of deposition in the San Francisco Bay region during the Tertiary 
period was the Merced graben. It is one of the best examples of a small 
embayment formed by faulting. Here, folded synclinally between two 
faults, is a small triangular area of marine Pliocene deposits, the Mereed 
formation, which has a maximum thickness, according to Lawson, of a 
little over 5,000 feet.°* The deposits are exposed in the sea-cliff along 
Seven Mile Beach on the west side of the San Franciscan peninsula. The 
sediments of the Merced formation are composed mostly of shoreline mate- 
rial; coarse, cross-bedded sandstones, lignite beds and conglomerates are 
repeated again and again. The pebbles of the conglomerates are derived 
chiefly from the granites of the Montara block farther to the south or 
from the Franciscan rocks which border the graben on either side. 

This type of basin, formed between two faults in close proximity, is 
rather common in the Coast Ranges. Tomales Bay, on the coast a little 
north of San Francisco Bay, is such a graben area which is still receiv- 
ing marine sediments. Another graben area is just north of where sec- 
tion B crosses the Sunol fault; this is the Sunol graben, which is filled 
by a great thickness of continental gravels and sands. This filled de- 
pression is formed in the V where two primary faults meet. It is used 
as a reservoir for the storage of water, which is part of the supply of 
the city of San Francisco. The Carrizo graben along the west side of 
the Temblor Mountains is of the same type. This area will be dis- 
cussed later in the paper. Another interesting area of deposition is south 
of the Merced graben and north of the Montara block. Here is a series of 
Cretaceous and Paleocene (Martinez) deposits. The sandstones of the 
Martinez are arkosic and apparently were derived directly from the 
granites. The sediments are folded synclinally against the Pilarcitos 
fault and, according to Lawson,®° are faulted against the Montara granite 
on the south. The Cretaceous and Eocene deposits are absent from the 
east side of the San Andreas fault, immediately east of this area, as well 
as from the area to the west. Apparently this also is a graben. 

Gabilan Mountain block—The area crossed by sections C, D, E and F 
is broken by numerous primary faults, some of which have not yet been 


* Work by William Barbat apparently shows that Lawson’s estimate of the thick- 
ness of the Merced is too great and that the formation is nearer 3,000 than 5,000 feet 
thick. 

* Lawson incorrectly referred the Cretaceous of this section to the Martinez forma- 
tion. U. 8S. Geol. Survey Folio No. 193. 
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accurately located or mapped. South of the San Francisco Bay block 
and southwest of the Mount Hamilton block is the block that forms the 
Gabilan Mountains. It is one of the oldest and most persistent positive 
elements in the Coast Ranges and is about 40 miles long with a maximum 
width of a little over 10 miles. It is composed chiefly of granitic and 
metamorphic rocks of the Basal Complex, overlying which along its 
northern and eastern portions are Tertiary lavas. The block is bordered 
on the north by the beds which form the sequence found in the area of 
the old San Benito trough, through which at various times marine waters 
gained access to the Valle Grande. On the east side of the block are 
marine deposits, mostly organic shales, of middle and upper Miocene 
age, and marine and continental Pliocene sediments. Toward the south- 
east, on the triangular Peachtree block, only Miocene (including middle 
and upper Miocene) sediments are exposed, whereas toward the south 
and west the upper Miocene deposits rest unconformably on the Basal 
Complex. Nowhere do we find any of these Tertiary deposits, which 
border the Gabilan block, on the block itself but everywhere they are in 
fault contact with it. 

Salinas graben and Toro Mountain block—West of the Gabilan Moun- 
tains is the upper end of the Salinas Valley. This portion of that long 
north-south structural depression may be classed as a true graben with 
the Salinas fault along its eastern, and the King City fault along its 
western side. Only Pleistocene and alluvial deposits are exposed in the 
area of the Salinas graben. Wells are reported to have gone to a depth 
of 800 feet in the alluvium. It seems possible that below the alluvium 
are Miocene shales and Pliocene continental beds because of the fact that 
marine upper Miocene shales and sediments referable to the continental 
Paso Robles formation are found in the areas immediately north and 
south, apparently striking from both directions toward the graben area. 

Bordering the Salinas graben on the west is the high, precipitous, 
granitic block-mountain which will be referred to as the Toro Moun- 
tain block, named after the highest peak in that area. This block, like 
the Gabilan, appears to have been a persistent positive element. 

Area west of Toro Mountain.—The geology of the area west of the 
Toro Mountain block is complicated by thrust faulting. A portion of 
the area has been recently described by Parker Trask.”° His work, in 
the writer’s opinion, shows conclusively that here during the Miocene 
period there was a series of fault blocks composed of granitic and meta- 
morphic rocks of the Basal Complex that formed insular masses, around 


7 Parker Trask: Geology of Point Sur Quadrangle, California. Univ. Calif., Bull. 
Dept. Geol. Sci., vol. 16, no. 6, 1926, pp. 119-186, pl. 16, 2 figs. in text, 1 map. 
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and between which the marine sediments were deposited. In the area 
immediately west of the Toro Mountain block during the Miocene and 
Pliocene periods there was a channel, which connected the ocean with 
the Santa Lucia basin to the south. In this area the Vaqueros (lower 
Miocene) sediments rest unconformably on granitic rocks. Still farther 
west, as shown by Trask’s mapping, there were patches of Cretaceous 
deposits overlain by Miocene beds. The writer has shown a possible 
connection between the last named area and the Santa Lucia basin 
indicating that it was in existence during the Cretaceous and Miocene 
periods. Cretaceous and Miocene rocks are not found continuously be- 
tween the two areas, and if this channel existed it has been closed as 
the result of faulting. The fact that there has been thrusting of con- 
siderable magnitude makes it seem probable that there was such a chan- 
nel, which has been closed. 

Santa Lucia basin.—South of the Toro Mountain block is the irregular 
area, here referred to as the Santa Lucia basin. The conclusions per- 
taining to this area are based chiefly on the data furnished by de- 
tailed mapping of J. M. Kirby and H. W. Weddle, geologists for the 
Standard Oil Company. The writer is also indebted to M. G. Edwards, 
geologist for the Shel] Oil Company, who has made detailed maps of the 
same area. It was through him that some of the principal data showing 
the relationship of the King City block on the east to this area of dep- 
osition on the west was obtained. 

The general area of the Santa Lucia basin is broken by faulting and, 
like that of the San Ramon basin, different parts of the basin have had 
different depositional histories. The mapping of Kirby and Weddle 
appears to show that the area is divided into two provinces by the San 
Antonio fault zone. West of that fault zone is a considerable thick- 
ness of pre-Miocene deposits; near the top of these sediments Martinez 
(Paleocene) fossils have been found, below which there are close to 
2,000 feet of coarse, arkosic sandstones and shales. No fossils have been 
obtained from these lower beds but the lithology, together with the fact 
that Cretaceous deposits are found in the areas immediately south and 
north, makes it probable that they belong to that period of time. 

In the larger part of the area east of the San Antonio fault the 
Vaqueros (lower Miocene) deposits rest unconformably on granitic 
rocks. ‘This is also true of the area west of the Toro Mountain block and 
of that south of the Santa Lucia basin as far as the southern end of the 
La Panza block. It would appear from this data that the area between 
the San Antonio fault and the San Andreas fault was land during the 


| 
| 
| 
the | 
ive 
m 
nd 
its 
ed 
of 
T'S 
ire 
ne 
h- 
le 
th 
al 
in 
| 
h 
h 
d 


802 8B. L. CLARK—TECTONICS OF COAST RANGES OF CALIFORNIA 


Cretaceous and early Tertiary times, but beginning with the Miocene 
the area between the King City fault and the San Antonio fault was 
inundated. In some of the sections east of the San Antonio fault the 
lower and middle Miocene sediments are as much as 7,000 or 8,000 feet 
thick. Marine upper Miocene and marine Pliocene deposits are also 
present in that area. 

The paleogeographic relationships of the King City block to the areas 
east and west of it have already been discussed in the description of 
section C. It was pointed out that the long, narrow tilted block prob- 
ably stood out as an island throughout most of the Cretaceous and Ter- 
tiary times. Toward the east was the Valle Grande with the complex 
series of marginal blocks (shown on the map as the Parkfield marginal 
blocks) separated from the King City block by the San Andreas fault 
zone, and on the west was the Santa Lucia basin with its thousands of 
feet of lower and middle Miocene sediments, which are cut off abruptly 
at the King City fault. The marine upper Miocene sediments are found 
in both areas, giving evidence that the former island was covered by 
marine waters during upper Miocene time, this being the only time dur- 
ing the Tertiary, of which we have evidence, that marine waters con- 
nected the Valle Grande across the King City block with the Santa Lucia 
basin. 

Judging from the character of the sediments, the western shoreline 
of the Santa Lucia basin was near the western side of the Santa Lucia 
block during Cretaceous and Tertiary times. As shown in section C the 
western side of the Santa Lucia block, which is composed of Basal Com- 
plex, has been thrust on the Sur block, which is made up of Franciscan 
rocks; no Cretaceous or Tertiary rocks have been found on the area of 
the latter block. The shoreline character of the Cretaceous and Ter- 
tiary sediments on the Santa Lucia block and the entire absence of these 
sediments from the area of the Sur block is taken as evidence of a west- 
ern land mass during this period of deposition which was formed of 
the Sur block and probably, in part, of the Santa Lucia block itself. 

To summarize briefly: The western portion of the Santa Lucia basin 
was the first to receive sediments. Apparently the eastern portion was 
land during Cretaceous and lower Tertiary times, but with the begin- 
ning of the lower Miocene period the eastern as well as the western por- 
tion of the area was covered by marine waters. No lower, middle or 
upper Eocene or Oligocene deposits have been found in the Santa Lucia 
basin area. From this it is concluded that the entire area from the 
ocean to the Valle Grande was land during those epochs of deposition. 
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This old land mass was partly inundated during lower and middle Mio- 
cene times and completely covered during a portion of the upper Mio- 
cene. During the Pliocene period at least the northern and middle por- 
tions of the King City block were land while the Parkfield marginal 
blocks, the Valle Grande to the east, and a portion of the Santa Lucia 
basin on the west were covered by marine waters. 

Areas south of Santa Lucia basin.—General description—Southeast of 
the Santa Lucia basin and the King City block are several areas, which 
were basins of deposition during the Miocene period but in which there 
are no Cretaceous or older Tertiary sediments. One of the smaller of 
these is represented by the syncline southwest of the town of San Luis 
Obispo (see description of section D, page 786) ; another is the San Juan 
basin, which appears to have been formed by the eastward tilting of the 
La Panza block. Between these two basins is another area in which 
not only Miocene deposits are present but also a considerable thickness 
of Cretaceous, including beds of both lower and upper Cretaceous. Dur- 
ing the Cretaceous period, as well as during the Miocene, there was a 
marine connection, across the Santa Lucia basin, between the ocean to- 
ward the northwest and the general area south of the La Panza Moun- 
tains. The southern end of the Salinas Valley comes within this area. 
This was a comparatively narrow channel bounded on either side by 
primary faults. To the east and west were insular masses, much larger 
during the Cretaceous than during the Miocene period. 

Carrizo graben.—The La Panza Mountains, which are composed 
chiefly of granitic rock, are north of the area crossed by sections E and 
F. Toward the southeast is the Carrizo graben, which has been discussed 
in the paper on the Valle Grande." In this paper the writer expressed 
the belief that under the alluvium of the Carrizo graben there is a buried 
granitic block, one or two slivers of which are found in the San An- 
dreas fault zone which is on the eastern side of that area. The evi- 
dence for this buried granitic block is the fact that granitic conglom- 
erates are found in different horizons in the Miocene and Pliocene de- 
posits on the east as well as on the highest Pleistocene terraces or sur- 
faces which were cut into the Temblor Mountains after the latest folding. 

On the west side of the Carrizo plains are the Caliente Mountains, 
composed mostly of “Miocene deposits. Here, fingering in with the 
marine Miocene beds, are continental deposits that contain conglom- 
erates, the pebbles of which are largely granitic or other metamorphic 
rocks of the Basal Complex. This all fits in with the hypothesis that 


71 Bruce L. Clark: Bull. Amer. Assoc. Petrol. Geol., vol. 13, no. 3, 1929, pp. 213-214. 
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the alluvium of the Carrizo plains is underlain by a former positive 
block, composed of granitic and other metamorphic rocks of the Basal 
Complex, that stood high at the time the surrounding Miocene sedi- 
ments were being laid down. 

Escondido area.—The general area west of the Caliente Mountains 
block, and between the La Panza Mountains and the Caliente fault will 
be referred to as the Escondido area, named after Escondido Creek, which 
is south of the La Panza Mountains. In this area are several distinct 
blocks separated by primary faults. The Caliente Mountains block, 
along the east side of the area, is composed of Miocene sediments and 
volcanics. The range along the south side of the area and bordering the 
north side of Cuyama Valley is also composed mostly of Miocene rocks. 
The larger part of the area north of this and south of the La Panza 
Mountains is underlain by Cretaceous deposits that form the central 
portion of the Escondido area, the margins of which are composed chiefly 
of Miocene deposits. According to Wayne Loel, who has mapped this 
area in detail, the Temblor formation in some localities, and the Vaqueros 
formation in others, rests unconformably on the Cretaceous deposits 
around the marginal area. No rocks of Eocene or Oligocene age have been 
recognized in the Escondido area. It is Loel’s opinion that a portion of 
the area, which was part of a larger basin of deposition during the Creta- 
ceous period, became positive during Eocene time and that during the 
lower and middle Miocene epochs there was, near the middle of the area, 
an insular mass entirely surrounded by marine waters. The absence of 
Pliocene deposits from the area is evidence that the entire area was again 
positive during the latter part of Tertiary time. 

Cuyama area.—South of the Escondido area and separated from it by 
the Caliente fault is the long, narrow, structural, east-west Cuyama Val- 
ley area, a portion of which has been mapped and described by Walter 
English.7? Here the Vaqueros beds rest directly on those of Cretaceous 
age. 

San Rafael trough.—South of the depressed Cuyama Valley area, the 
San Rafael Mountains stand out in bold relief. The uplift of this great 
mountain mass took place between the Cuyama and Sisquoc faults. In 
this area is a great series of folded Cretaceous and Eocene sediments over- 
lain by lower and middle Miocene deposits. The Cretaceous, and Eocene 
deposits are composed chiefly of coarse, clastic material, included in which 
at various horizons are conglomerates; along the northeast side of the 
area the pebbles of these conglomerates are chiefly granitic and meta- 


72W. A. English: Geology and oil prospects of Cuyama Valley, California. U. S. 
Geol. Survey Bull. 621, 1916, pp. 191-215. 
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morphic rocks of the Basal Complex, whereas in the marginal area border- 
ing the Sisquoc fault the pebbles of the conglomerates found in the 
Cretaceous deposits are Franciscan in origin. All this fits in with the 
other evidence that, during the deposition of these Cretaceous and Eocene 
rocks north and east of the San Rafael area, there was toward the east 
a land mass composed of Basal Complex, and toward the west one com- 
posed of Franciscan rocks. 

The writer has called this area between the Cuyama and Sisquoc faults 

the San Rafael trough. The continuity of marine deposits of Creta- 
ceous and Miocene age along the entire length of the area shows that 
there was a connection here across the Santa Lucia basin between the 
ocean and the Ventura basin on the south. Eocene deposits are found 
in the southern and middle parts of the San Rafael area but they are 
absent from the northern part and from the area between the La Panza 
block and the San Luia Obispo block; here, as in the area immediately 
north, the Vaqueros deposits rest unconformably on rocks of Cretaceous 
age. 
Apparently the greatest inundation in this portion of the Coast Ranges 
took place during the Cretaceous period, at which time the Cuyama and 
Escondido areas toward the north were inundated, forming a broad inland 
basin bordered on the south and west by the land masses of the Purisima 
area and the series of probable islands referred to in the description of 
section F. 

North of the San Rafael trough the La Panza block during the Creta- 
ceous period evidently formed part of a long, narrow island, the north- 
ern end of which was the northern end of the Gabilan block. The length 
of this insular mass was close to 120 miles and the width was between 
10 and 15 miles. It included the Gabilan, Peachtree, King City and La 
Panza blocks. It is probable that at different times during the Creta- 
ceous this island was reduced to baselevel and marine terrace deposits of 
the Cretaceous or lower Tertiary seas covered them; if so, such deposits 
had been stripped off by erosion before Miocene time. In lower and 
middle Miocene time this-old, elongate, insular mass was broken into at 
least three separate islands, around and between which were marine 
waters. The northernmost of these was formed of the Gabilan block. 
Apparently it was separated from the island, formed of the King City 
block, by a comparatively narrow channel. This is the area of the wedge- 
shaped Peachtree block, in which is found a considerable thickness of 
middle Miocene organic shales that do not extend onto either the block 
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toward the north or the one toward the south, but are cut off abruptly 
at the fault lines. 

As brought out in the description of section C, Vaqueros deposits have 
not been reported on the Parkfield marginal blocks east of the King City 
block ; here either the middle or the upper Miocene deposits rest directly 
on rocks of Franciscan age. Whether the Vaqueros sea occupied that 
portion of the Valle Grande immediately east of the King City block is 
doubtful. It is probable that at the beginning of lower Miocene time 
there was land from the King City block to the Sierra Nevada Mountains, 
the Vaqueros sea being confined to the southern portion of the valley, but 
in Temblor time the Valle Grande was inundated as far north as the 
southern end of the Mount Hamilton block, and the three islands referred 
to above were surrounded by these waters. During the upper Miocene 
period the King City block was covered by marine waters, but emerged 
again during the Pliocene. 

Purisima area.—The Purisima area lies just southwest of the San 
Rafael trough, from which it is separated by the Sisquoc fault zone. It 
represents one of the older positive areas that was completely inundated 
during the Miocene period. Arnold and Anderson, in their paper en- 
titled “Geology and oil resources of the Santa Maria oil district, Santa 
Barbara County, California,” ** have described the geology of the area 
in detail. The area is complicated by faulting, far more than is indi- 
cated on their map. It is triangular in outline, with the northernmost 
tip of the triangle in the vicinity of the town of San Luis Obispo. The 
basement rock everywhere is of the Franciscan series. Over much of the 
area the lower Miocene deposits rest directly on the Franciscan (Jurassic) 
rocks. On the southwest side of the Sisquoc fault zone the Vaqueros 
(lower Miocene) beds rest unconformably on the Franciscan, whereas 
on the northeast side the sequence includes Cretaceous and Eocene as 
well as lower Miocene. A number of wells has been drilled into the 
Franciscan through the Miocene along the eastern border of the Purisima 
block ; these are so distributed that they show quite conclusively that this 
relationship of Miocene on Franciscan is fairly general. However, there 
is a small area in the northwestern part of the block on which some Creta- 
ceous and Eocene sediments are reported. Also, according to C. F. Tol- 
man, Cretaceous beds outcrop in the western portion of the Casmalia 
Hills. 

Thus, it is probable that throughout the Cretaceous and lower Ter- 
tiary periods there were in the Purisima area several block islands sepa- 


73 Ralph Arnold and Robert Anderson: U. S. Geol. Survey Bull. 322, 1907, pp. 1-161. 
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rated by narrow channels. Also, as pointed out in the description of sec- 
tion F (page 791), there is good evidence that at various times during the 
Tertiary a number of the small blocks east of the Purisima area were 
islands. This is shown by the overlapping conditions of the formations. 
South of the Santa Ynez fault was an area of general submergence 
through long periods of time. Here was a large embayment in the coast- 
line which existed fairly continuously from the beginning of Cretaceous 
time well up into the Pleistocene. The geologic history of this area is 
very complex. 

The tectonics and paleogeography of this southern portion of Cali- 
fornia illustrates the same principles that have been applied to the areas 
discussed, blocks bounded by old faults, basins formed on the negative 
blocks, the positive blocks supplying the sediments. 


SUMMARY STATEMENT OF FUNDAMENTAL CONCEPTS 


So far as the writer is aware there is no evidence in the Coast Ranges 
of any basin having been formed as the result of folding; apparently 
all are fault troughs, either the result of the tilting of the block with 
the fault on one side only or bounded by faults on all sides. Some of 
the smaller basins are comparatively simple, the floor being formed of 
only one block, The larger basins, as a whole, are fairly complex, the 
floors being traversed by major primary faults which were active during 
at least part of the periods of deposition. The result of this was a 
very uneven floor of deposition. Part of the time only a portion of the 
basin would be submerged and receiving sediments and at other times 
the whole basin would be undergoing sedimentation. 

The concept that the major basins were made up of series of hetero- 
geneous blocks is very important; under these conditions abrupt over- 
laps took place at the fault-lines. Very seldom do we find overlaps that 
are of the fingering or lenticular type but the formations thicken and 
thin suddenly, and almost invariably this takes place at the line of a 
major fault. This sudden thickening and thinning, as already brought 
out in the statement of the “Criteria for major faults,” is an important 
aid in the location of the faults themselves. 

The paleogeographic conditions in this region during the Cretaceous 
and Cenozcic might be briefly summarized by saying that here was a 
series of old fault-blocks over which the different Mesozoic and Cenozoic 
seas left their sediments. During the deposition of the various forma- 
tions, faulting was going on and some blocks were being depressed while 
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others were being raised. At times the positive blocks stood high and 
were being eroded into the surrounding depressed negative areas, and at 
other times the sea covered the relatively positive and negative elements 
alike forming in the low areas a thick series of deposits but on the 
higher blocks only a thin veneer of sediments. Thus, at times there 
was a series of insular masses in this general area surrounded by deep 
embayments and channels. This condition is illustrated by the Chan- 
nel Islands and surrounding areas of deposition off the coast of south- 
ern California, and still better by the islands off the coast of south- 
western Alaska. 

A good idea of the extremely irregular surface of deposition on the 
so-called continental shelf off the coast of southern California may be 
obtained from a study of the submarine contours of that area, as shown 
on the fault-map edited by Bailey Willis and published by the Seis- 
mological Society of America in 1922. This surface has been discussed 
by A. C. Lawson“ in considerable detail. After describing the sub- 
marine area, he says: “From the foregoing review of the continental 
shelf there appears to be a suggestion that we are dealing with a founder- 
ing region.” He also points out the abrupt termination of the con- 
tinental shelf and the steep declivity from it into the oceanic depth, and 
suggests the presence of a fault between the two. That the fault rela- 
tionship between the continental shelf and the ocean depths may pos- 
sibly be general is suggested by the fact that there appears to be a fault 
between the oceanic depths and the continental shelf as found off the 
coast of South America. Stephen Taber * in a recent paper entitled 
“Fault Troughs” has chosen the continental shelf of southern California 
as a good example of fault-trough deposition. He gives a map showing 
the submarine contours of a small portion of the area and a series of 
profile sections across the fault-trough between Santa Catalina and San 
Clemente islands. Apparently, however, he did not recognize the gen- 
eral application of the fault-trough idea to the Coast Ranges. 

The irregularities of the surface of this submerged area are such as 
to suggest that some of them may possibly be the result of erosion, which 
took place before the submergence. The larger depressed areas are the 
result of faulting. Near the center of the submerged area is a basin 
almost 6,000 feet in depth. We may imagine that in time this will be 
filled with sediments. At the present time certain of the positive fault- 
blocks form islands but these, as shown by the submarine contours, are 


74A. C. Lawson: The continental shelf of the coast of Californiu. Bull. Nat. Re- 
search Council, vol. 8, pt. 2, no. 44, 1924, p. 10. 
Stephen Taber: Jour. Geol., vol. XXXV, no. 7, 1927, pp. 577-606. 
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being beveled very rapidly. Several former islands are now entirely 
gone and are represented by banks. Thus, here we find an alternation 
of shallow and deep waters, a condition that existed in the Coast Ranges 
at the different times of their submergence. It is so obvious that it is 
not necessary to discuss the relationship of the type of sediments accord- 
ing to the elevation of the various blocks surrounding and in the area. 

This area of the coast of southern California, as pointed out by Dr. 
Hill, is not a continental shelf in the strict sense; in reality it is a por- 
tion of the faulted western edge of California which has been sub- 
merged. 

In the Great Basin we find fault-block mountain ranges, between 
which are basins of deposition. These basins were formed in the same 
way as were those in the Coast Ranges, that is, they were depressed as 
a result of faulting. Some of the best examples of recently formed 
basins in this eastern region are found in the Death Valley area just 
east of the southern portion of the Sierra Nevada block. In the writer’s 
opinion there is no sharp line of division between these structures 
of the Great Basin and those of the Coast Ranges; the principal dif- 
ference is that the latter region has been subjected to compression which 
has brought about the folding of the deposits in the various basins 
whereas in the former there has been very little folding of sediments 
in the basins. However, along the southwestern margins of the Great 
Basin the Miocene and Pliocene land-laid sediments are fairly highly 
folded at various localities, and in the general region of Death Valley 
and farther east there has been considerable Tertiary thrusting which 
indicates intense compression. 

The reader can get a very good idea of the conditions of deposition 
that existed during the Tertiary in California by taking a topographic 
map of California and imagining a rise in sealevel. A slight rise, say 
about 200 feet, would inundate many of our larger structural valleys, 
such as a large part of the Great Valley of California, the Salinas Val- 
ley, the Los Angeles basin, the Ventura basin and many others. In this 
case we would have land masses projecting as large peninsulas and 
islands, a condition somewhat similar to that which exists in the region 
of Puget Sound at the present time. ; 

If the sealevel should rise 1,000 feet practically all the major struc- 
tural valleys would be inundated and we would have a series of islands 
along the axis of the Coast Ranges and the sea would lap up around the 
base of the San Bernardino and San Gabriel mountains in southern Cali- 
fornia very much as it did during the Tertiary period. If this level 
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of 1,000 feet were maintained for any great length of time we might 
well conceive that the tops of many of the islands would be beveled soon, 
geologically speaking, and we would have left a series of islands and 
shallow banks, providing the blocks stood still for a sufficient length of 
time. 


Part IV: STATEMENT OF TECTONIC PRINCIPLES 


HISTORICAL REVIEW 


The concept that the Coast Ranges are essentially block mountains 
bounded by ancient faults which, together with the associated blocks, 
form the fundamental structures, is not new. Though this idea was 
independently conceived by the writer, other workers have held it in one 
form or another. They have recognized that many of the faults bound- 
ing different blocks were older than the folding and that these blocks had 
had different diastrophic histories. 

The San Francisco earthquake in 1906 greatly stimulated the study 
of the fault-systems of the Coast Ranges of California. Before that time 
very little had been known of the distribution of major faults. In a 
report of the California Earthquake Commission, A. C. Lawson ** pub- 
lished a map showing the distribution of the known major faults of the 
Coast Ranges of California, and in this volume will be found also a dis- 
cussion of the physiographic features of the San Andreas rift and de- 
scriptions of the phenomena attending the earthquake. 

H. F. Reid,” as a result of his detailed studies of these phenomena, 
formulated and published his elastic-rebound theory. This theory was 
further developed by Lawson in his paper “The mobility of the Coast 
Ranges of California, an exploitation of the elastic-rebound theory.” ** 
The concept of both Reid and Lawson was that of a crust being carried 
on a zone of flowage. The movement of the San Andreas fault, ac- 
cording to this hypothesis, was the result of a “shearing strain generated 
by two currents of the subcrustal region flowing parallel to the fault in 
opposite directions and dragging the overlying crust with them so as 
to produce a slow differential displacement of the sides of the zone of 


7A. C. Lawson and others: California earthquake of April 18, 1906. Report of 
State Earthquake Investigation Commission, Carnegie Inst. of Washington, Publ. no. 
87, vol. 1, pt. 1, XVIII, 1908, 254 pp., pt. 2, pp. 255-451; atlas, 25 maps and seismo- 
grams. 

77 Harry Fielding Reid: The elastic-rebound theory of earthquakes. Univ. Calif. 
Publ., Bull. Dept. Geol.. vol. 6, 1911, pp. 413-444. 

738A. C. Lawson: Univ. Calif. Publ., Bull. Dept. Geol., vol. 12, no. 7, 1921, pp. 431- 
473. 


Be 
aad 
: . 


STATEMENT OF TECTONIC PRINCIPLES 811 


maximum shear.” One of the important points brought out by Law- 
son 7° in his paper is the immobility of the Sierra Nevada mass as com- 
pared to the Coast Ranges. 

A number of geologists have recognized the old age of certain of the 
major primary faults. The authors of the Santa Cruz Folio,*° in dis- 
cussing the faulting of that general area, make the following statement: 


“The San Andreas fault forms most of the dividing line between the Ter- 
tiary rocks to the southwest and the Cretaceous and Franciscan rocks to the 
northeast. It appears probable that this fault-line has been a line of weak- 
ness since early Tertiary time and perhaps since pre-Tertiary time.” 


That Dr. Lawson *! recognized the probable old age of certain of the 
faults in the San Francisco Bay region is shown by the following quota- 
tion: 


“The history of displacement along the zone of faulting in the rift valley 
of Marin County (San Bruno fault) is long and complicated. The rocks on 
the two sides of the fault zone are very different and owe their juxtaposition 
to the faulting. On the northeast side lies a great thickness of Franciscan 
strata, with which are associated igneous rocks; on the southwest side there 
are no Franciscan rocks, but in the area northwest of Tamalpais quadrangle 
there is an extensive body of pregranitic rock, which is overlain by strata 
of the Monterey Group, and these in turn are unconformably overlain by 
Merced strata. It would therefore seem probable that the earlier move- 
ments on this fault zone were pre-Miocene and that they caused a relative 
upthrow on the southwest side of the fault, in consequence of which the 
Franciscan rocks were lifted into the zone of erosion and stripped off the 
underlying granitic rocks. This erosion may have taken place in any part 
or during the whole of Cretaceous and Eocene time.” 


Apparently the first writer to recognize that different blocks had dif- 
ferent diastrophic histories was F. M. Anderson in a paper by Anderson 
and Martin.*? Anderson was impressed by the abrupt change in the 
character of the sediments in going across the east-west faults along the 
west margin of the San Joaquin Valley. He said: 

“Another effect is the breaking up of the main range into orogenic blocks, 


as will be shown later, each having a more or less independent diastrophic 
history. The structures herein described are at one with, and dependent 


79 A, C. Lawson: Op. cit., p. 432. 

J. C. Branner, J. F. Newsom and Ralph Arnold: Description of the Santa Cruz 
quadrangle, California. U. S. Geol. Survey, Geol. Atlas, Santa Cruz Folio, no. 163, 
1909, p. 10. 

8. A, C. Lawson: Description of the San Francisco district, ete. U. S. Geol. Sur- 
vey, Geol. Atlas, San Francisco Folio, no. 1938, 1915, p. 16. 

s , M. Anderson and Bruce Martin: Neocene record of the Temblor basin, Cali- 
fornia, and Neocene deposits of the San Juan district, San Obispo County, California. 
Proc. Calif. Acad. Sci., 4th ser., vol. 4, 1914, pp. 25-26. 
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upon, the diastrophic movements of the several blocks or divisions of this 
range and is what should have been expected. . . 

“These foldings, as well as their grouping, will be seen to have a definite 
and consistent relation to the faulting that has taken place chiefly at right 
angles to the general axis of the Mt. Diablo Range.” 


Another early recognition of block structure is that of W. A. English. 
The following paragraph is quoted from his paper entitled: “Geology 
and oil prospects of Cuyama Valléy, California” : ** 


“When examined in more detail the main ranges and valleys in the Coast 
Ranges of California are seen to have a more complex structure than would 
result from a single epoch of folding and uplift. The structure above out- 
lined as resulting from the comparatively recent folding is superimposed upon 
structures formed by earlier movements during Tertiary time. 

“An interesting result of this combination of movements is that, although 
the general trend of the major lines of structures produced by the earlier 
movements was northwest and thus parallel to the major lines of the present 
structure, the blocks subjected to differential uplift during the earlier part 
of the Tertiary were in many places not the same as those which have been 
most recently uplifted. Moreover, the relative movement of any particular 
area has not always been in the same direction, for at one time it may have 
formed a part of a block that was elevated with respect to adjacent blocks. 
Thus the area recently faulted down to form the western part of the Cuyama 
Valley was at an earlier time uplifted, and the Monterey Group was re- 
moved from it by erosion, while the area of the recent Caliente Range was 
either under water or subjected to much less erosion.” 


English in his recent paper “Geology and oil resources of the Puente 
Hills region, southern California” ** has very well illustrated the block 
idea as applied to the Los Angeles basin. 

In 1917 J. O. Nomland,* in discussing the probable reasons for the 
great thickness of Etchegoin Pliocene beds along the west side of the 
San Joaquin Valley, expressed the opinion that they very probably were 
deposited in local basins bordering uplifted fault blocks. He writes: 


“One solution that may be offered is that the sediments were deposited only 
locally, and that they were derived from the stripping of frequently moving 
fault blocks. On the steep side of these blocks deposits would accumulate 
very rapidly and probably in considerable thickness. These sediments would, 
however, be only local. That such conditions existed seems to be suggested 
by comparison of the great thickness of strata south of Coalinga with a sec- 
tion about 15 miles distant north of that town. In that area near Oilfields, 
the Etchegoin is only 3,000 feet in thickness; the Tulare being for the most 
part covered by alluvium, only small areas of it are exposed.” 


8 Walter A. English: U. 8. Geol. Survey Bull., no. 621, 1916, pp. 205-206. 

% W. A. English: U. S. Geol. Survey Bull., no. 768, 1926. 

J. O. Nomland: The Etchegoin Pliocene of Middle California. Univ. Calif. Publ., 
Bull. Dept. Geol., vol. 10, no. 14, April. 1917, pp. 203-204. 
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Bailey Willis,** in a discussion of his discoidal theory, has made some 
genera] statements as to the principles involved in Coast Range tectonics. 
Though the writer can not accept the discoidal theory, he believes that 
Dr. Willis was one of the first to recognize certain fundamental facts and 
principles pertaining to the Coast Ranges, such as that the ranges are a 
series of blocks that are separated by old major faults, and that the struc- 
tures and the folding near the surface developed on the different blocks 
are independent of one another. 

The following quotation is taken from a paper entitled “The rifts of 
southern California” *’ by R. T. Hill; it expresses tersely the block con- 
cept of the Coast Ranges better than any other statement the writer has 
found: 

“In Southern California these movements have largely resulted in produc- 
ing fault blocks, sometimes tilted, sometimes downpressed, accompanied by 
faults o* great vertical and lateral magnitude and persistent throughout long 
distances. There are also foldings of the rocks incidental to the great fault 
displacements. 

“I have frequently compared the relief of Southern California to a series 
of unequal pavements rocks, some of which have been pushed up and others 
depressed, corresponding to our mountains and valleys, the seams between 
these blocks representing the lines of fault movement. Measurable data show 
that in some places the total vertical movement along the seams, which has 
probably extended through millions of years, has been at least 4 miles.” 


J. E. Eaton ** was one of the first to apply the principle of the forma- 
tion of echelon folds due to horizontal movements on a buried fault, 
which principle was first worked out by Warren J. Mead. Eaton has 
apparently accepted this principle almost to the exclusion of all others 
in explaining the structures of the Los Angeles basin. The same prin- 
ciple was applied in interpreting the structures in this same area by 
Ferguson and Willis in their paper entitled “Dynamics of oil field struc- 
ture in southern California.” *® They have still another important idea 
not discussed by Eaton, namely, that compressional forces were generated 
on the great north-south shearing planes due to the fact that the western 
blocks moved faster horizontally than did those to the east. The follow- 
ing from their paper expresses this idea: 


% Bailey Willis: Discoidal structure of the lithosphere. Bull. Geol. Soc. Amer., vol. 
31, 1920, pp. 247-302. ji : 

8? R. T. Hill: Seismological Soc. of Amer. Bull., vol. 10, 1920, pp. 129-145. 

88 J. E. Eaton: Structure of Los Angeles basin and environs. Oil Age, Los Angeles, 
California, vol. 20, December, 1923, pp. 8-9, 52; and vol. 21, January, 1924, pp. 16- 
18, 52, 54. 

‘oR. N. Ferguson and C. G. Willis. Bull. Amer. Assoc. Petroleum Geol., vol. 8, no. 
5, Sept.-Oct., 1924. 
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“With regard to the force which is responsible for the lateral movement 
on these faults, all the evidence tends to show that there is a northward 
creep of the mass beneath the ocean with respect to the mainland mass or 
shield of the Sierras, and that the region of the Coast Ranges represents the 
shear zone between these two great masses. The mass beneath the ocean, mov- 
ing northward, presses against the northwesterly trending coast line and 
slides northwest along it, exerting, of course, great northeasterly pressure 
against it which is responsible for the parallel northwesterly trending folds 
in the more sharply folded portions of the Coast Ranges. 

“Considering now the action of this pressure along a single line of shear, 
it may be noted that the pressure will be divided into two components, one 
of which will produce shearing in a northwesterly direction and the other 
of which will produce folding approximately parallel to this shearing. This 
folding will never be quite parallel to the shearing theoretically because of 
the component of friction on the shear line. Now if the shearing is com- 
plete only in the buried basement and does not extend up into the overlying 
sediments, this pressure from the south will not be divided into two compo- 
nents in the sediments. Instead of folds approximately parallel to the shear 
line, which would occur were the shearing complete, folds will be formed in 
an east-west direction, and on an angle to the shear line. These folds may 
be rotated into a northwesterly direction by subsequent movement along the 
fault, but they will remain essentially offset with respect to one another.” 


Another paper that should be mentioned is that by Frederick P. 
Vickery entitled “The structural dynamcis of the Livermore region.” %° 
Vickery accepted the block concept and applied it to a comparatively 
limited area. 

In a paper entitled “Physiography of the California Coast Ranges” 
by Robin Willis, there is a good statement of some of the facts and 
general principles which must be recognized in applying the block con- 
cepts to physiographic studies of the Coast Ranges. 

Another important recent contribution to the structural geology of 
the Coast Ranges is a paper by Paul F. Kerr and Hubert G. Schenck 
entitled “Active thrust-faults in San Benito County, California.” ** 
This paper gives the results of a detailed study of the San Andreas fault 
zone to the north and east of the Gabilan Range. As indicated by the 
title of their paper, they found the San Andreas fault zone in this area 
to be composed of a series of thrust-faults, which cut some of the Pleisto- 
cene terraces. The recency of the faulting is indeed remarkable. 

One of the latest and best statements of the block idea as applied to 
the Coast Ranges is that of Bailey Willis in a paper entitled “Folding or 


% Frederick P. Vickery: Jour. Geol., vol. 33, no. 6, 1925, pp. 608-628. 

* Robin Willis: Bull. Geol. Soc. Amer., vol. 36, no. 4, 1925, pp. 641-678. 

* Paul F, Kerr and Hubert G. Schenck. Bull. Geol. Soc. Amer., vol. 36, 1925, pp. 
465-494. 
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shearing, which?” ®* As already stated, Willis was one of the first to 
recognize the old age of the major faults, and the fact that folding was 
independent on different blocks. The following are a few quotations 
taken from Willis’ paper: 


“It was not until I had spent several years investigating the structure of 
the Coast Ranges of California that I came to recognize the predominant 
importance of shearing as contrasted with folding. , 

“In my first work in California I looked everywhere for folds of the Appa- 
lachian type, that is long well developed anticlines and synclines in parallel 
orientation. But they were not to be found. Folds in the Tertiary strata 
are everywhere short, locally developed, and cut off by vertical faults of 
much greater extent. I came to recognize that faulting is the dominant 
structure, and folding a minor effect. 

“It may be noted at this point that the active force of compression from 
the Pacific has been intermittent. There have been periods of deformation 
separated by periods of quiescence. During the latter, the relief of the sur- 
face of the fault mosaic was reduced by erosion of the highs and sedimenta- 
tion of the lows. It is possible also that relaxation of the horizontal pres- 
sure may have caused gravitative subsidence of the previously compressed 
and elevated ranges, permitting wide-spread deposition over the basement of 
the fault mosaic. The time of deposition of the Miocene diatomite is a case 


in point.” 


In a recent paper by Dr. Noble ® we find a very good description of 
the San Andreas rift and the adjoining region. Dr. Noble’s statement 
of the conditions along the rift agrees very well with the discussion under 
“Criteria for recognition of primary faults” given in this article. 


MECHANICS OF FOLDING AND FAULTING IN THE COAST RANGES 


Hypotheses as to the origin of primary faults—It is only within the 
last few years that geologists have begun to recognize the relatively old 
age of the primary faults and their importance in forming the founda- 
tion structures of the Coast Ranges. Recognition that they are essen- 
tially block mountains, outlined by primary faults which came into 
existence at an early date, raises at once the question of the origin of 
these faults. 

Willis, in his paper “Folding or shearing, which?” answers: “Shear- 
ing.” He postulates that the faults originated as shears and that only 


% Bailey Willis: Bull. Amer. Assoc. Pet. Geol., vol. 11, no. 1, January, 1927, pp. 
34-37. 

*%T,, F. Noble: The San Andreas rift and some other active faults in the desert re- 
gion of southeastern California. Carnegie Inst. of Wash., Year Book no. 25, 1925-6. 
Report of the Advisory Committee on Seismology, 1926, pp. 415-428. 
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one of the two possible shear-planes was developed. The following ex- 
tract * is taken from his paper: 


“In California the nearly north-south directed pressure produced two 
original sets of shears which intersected in a common trace; but that trace 
was nearly vertical instead of lying in a horizontal position, as in the 
Appalachians. And of the twin shears, that set which oriented in the south- 
east-northwest planes became active, while the northeast-southwest directed 


set was absorbed by a greater resistance.” 


This statement is somewhat different from the one given in his discus- 
sion of the discoidal theory. His discovery that the Sierra Nevada fault, 
which he postulated in his first paper to be the master shear-plane origi- 
nating in the underlying mass of the Pacific Ocean, was a normal fault 
appears to have changed his view considerably. In the later paper we 
find the idea expressed that the shear-planes were developed by the ex- 
pansion of the mass underlying the ocean basin against the continental 


masses. He says: 


“IT am inclined to think we make a step toward answering the question if 
we postulate that the underbody of each ocean basin is the seat of dynamic 
activities which cause it to expand horizontally whereas the continental 
masses are relatively inert and are compressed.” 


The writer accepts the hypothesis, expressed by Dr. Willis, that the 
major primary faults in the Coast Ranges are the result of early shearing 
but proposes this modification—that both sets of shears were developed 
as active faults; Dr. Willis maintains that only one set was developed 
as such. 

The pattern of the primary faults of the Coast Ranges has the ap- 
pearance of being a typical shear pattern, which would be produced as 
the result of rotational stresses; the evidence for the development of 
both sets of shear planes is indicated by this pattern. As shown on the 
map (plate 16), it is similar to the one that would be produced by com- 
pression. If we apply the strain ellipsoid to the two sets of faults as 
found in the general vicinity of San Francisco Bay it would seem to 
indicate that the stresses came from either the northeast or the south- 
west, and that they must have been stresses of rotation rather than of 
direct compression. This last conclusion is based on the fact that in 
general the primary faults of this region are vertical or nearly so, and 
that there is very little overthrusting on these faults which probably 
would result if direct compression had been the cause of the shear-planes. 


*% Bailey Willis: Bull. Amer. Assoc. Pet. Geol., vol. 11, no. 1, January, 1927, pp. 
34-37. 
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If the faults were produced in the first place as shear-planes due to rota- 
tional stresses, this condition would have permitted these planes to be 
formed anywhere between parallel and at right angles to the stresses. 
The majority of the primary faults would be compressional, although 
there is a possibility that rupture may have taken place at approximately 
45 degrees to the plane of no distortion, producing tensional faulis. 

It is not necessary to think that the stresses were of the same intensity 
and entirely in the same direction everywhere along the coast or that 
they operated on uniform materials; if not, then the shear-planes would 
be oriented in different directions on different parts of the coast. This 
fits in with the actual facts fairly well. 

If the shear-planes are the result of compression accompanied by 
rotation we might expect that some of the individual pairs of shear- 
planes would dip toward each other. The result would be a series of 
wedge-shaped blocks, some of which would have the narrow end up and 
others the broad end up. If the blocks were formed in this manner, 
then the wedge-shaped blocks with the narrow base would be the positive 
blocks and would rise during every period of compression, but might not 
sink back any great distance, while the blocks with the broad base and 
narrow top would form the negative basins of deposition. 

There is some evidence ** which seems to show that the larger mountain 
ranges in southern California may be considered as great wedges of 
granite being pushed up on the faults that dip into the mountain mass. 
However, there are as yet very few direct data as to the dip of the faults 
around the various blocks in other parts of the Coast Ranges. 

As Willis has pointed out in his paper, if we assume that the primary 
faults of the Coast Ranges originated as great shear-planes which re- 
sulted from compression with rotation, we would not necessarily have to 
think of them as all originating at one time. It is possible that different 
sets of shear-planes developed at different times and, if so, we should 
ultimately be able to work out the different sets according to their rela- 
tive ages. As has already been noted, there are some things in southern 
California that would suggest the possibility of one other set of major 
shear-planes besides the main north and south set to which the San 
Andreas fault belongs, and in other localities various faults which have 
not been studied in detail may possibly represent still later shear-planes. 

Robert 'P. Hill, in a paper read before the Cordilleran Section of the 
Geological Society of America in January, 1927, expressed the belief 


**Mason Hill: Structure of the San Gabriel mountains north of Los Angeles, Cali- 
fornia. Univ. Calif. Publ., Bull. Dept. Geol., vol. 19, no. 6, 1930, pp. 149-159. 
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that in southern California there is evidence for two sets of shear-planes, 
one an east-and-west set and the other a north-and-south set. He be- 
lieves that the former are the older and are cut by the: latter. The 
writer has not seen enough of this area to be convinced of Hill’s gen- 
eralizations. Hill thinks that the large east-and-west faults, such as 
the Santa Monica, Santa Ynez and Garlock faults, represent the older 
system. 

One other possible explanation for certain of the east-west faults 
in southern California is that they may have developed contempora- 
neously with the shear-planes as the result of tension along the planes 
of no distortion. At the present time, however, we must admit that the 
data showing the relationship of these faults to each other are far from 
saisfactory. 

Evidence for horizontal movement along primary faults—There has 
been much discussion concerning the evidence for horizontal movements 
on the primary faults of the Coast Ranges. Several instances have been 
cited where the formations on the two sides of a major fault have been 
offset horizontally. For example, the possibility has been suggested by 
many geologists that the present San Bernardino Mountains were for- 
merly part of the same mountain mass to which the San Gabriel Moun- 
tains belonged and that they have been displaced along the San Andreas 
rift. This would require a horizontal displacement of about 50 miles. 

Dr. Vickery,” has stated that he has evidence for a displacement of 
twelve miles on the Sunol fault in the Livermore Valley region. Richard 
Russell ** has given very definite evidence for displacements along the San 
Andreas rift and Dr. Noble ® gives evidence for a similar offset consider- 
ably greater than that cited by Russell. The following statement is taken 
from Noble’s paper: 


“The distribution of certain Tertiary rock masses along the master fault 
affords a suggestion that a horizontal shift of many miles has taken place 
along the rift.” 


C. D. Hulin,’® in his description of the Garlock fault, an east-west 
fault which joins the San Andreas near the Téjon basin and has been 
traced by Noble to the east into the Mohave Desert for a distance of 


% Frederick P. Vickery : Jour. Geol., vol. 33, no. 6, 1925, pp. 608-628, 

*R. J. Russell: Recent horizontal offsets along the Haywards fault. * Jour. Geol., 
vol. 34, no. 6, 1926, pp. 507-511. 

* L. F. Noble: The San Andreas rift, etc. Carnegie Inst. of Wash., Year Book no. 25, 
1925-6, p. 420. 

7 Carlton D. Hulin: Geology and ore deposits of the Randsburg Quadrangle, Cali- 
fornia. Bull. Calif. St. Min. Bureau, no. 95, 1925, p. 63. 
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about 200 miles, has pointed out evidence which he thinks indicates an 
eastward horizontal movement of nearly 5 miles of the block on the south 
side of the fault. 

The question of the great amount of horizontal movement in the 
Coast Ranges should be examined very carefully in the light of the 
block concept. Horizontal movements have certainly taken place, but 
whether there have been horizontal displacements as great as have been 
postulated by the different geologists, is, in the writer’s opinion, doubtful. 
At least, before accepting it we should have more definite proof. 

Whatever horizontal movements there have been on the various faults 
must have resulted in shortening. The writer is convinced that there 
is no continuous north-south fault-zone along which a general movement 
of the earth’s crust has taken place, such as has been postulated for the 
San Andreas fault-zone by different writers, but that horizontal move- 
ments are the result of the shifting of individual blocks and the result- 
ing stresses are taken up in other adjoining blocks either by folding or 
by shearing. 

General conclusions as to primary faulting.—The present Coast Ranges 
of California are formed along a series of old faults, here referred to as 
primary. The age of most of these faults is at least pre-Cretaceous; it 
is probable that many of them had a pre-Mesozoic origin. 

The basins of deposition in the Coast Ranges are the result of the 
sinking of blocks in some areas while blocks in the surrounding areas 
were rising. The major basins had their origin at least as early as Cre- 
taceous times and some of them, of which the Great Valley of California 
is a good example, are still receiving sediments. The uplift of the posi- 
tive blocks has been mostly vertical. In the writer’s opinion there is no 
good evidence of great horizontal movements of positive or negative 
blocks. 

All the evidence clearly points to an early fragmentation of the Basal 
Complex, which fragmentation, if we accept the shearing hypothesis, 
was the result of great compression produced at the time of a revolution 
in the earth’s crust. It is probable that this process has been repeated 
several times. Each successive revolution may have brought about 
changes in the fault system and in the relative positivity.and negativity 
of the various areas. © 

Finally, it is the writer’s opinion that the rising and sinking of the 
positive and negative areas are the result of isostatic adjustments, which 
take place along the primary faults. 
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Mechanics of folding.—General statement.—If we accept the idea 
that the Coast Ranges are essentially block mountains and that the 
basins of deposition were fault-troughs, the first and most important 
thing to remember is that most of the known primary faults are vertical 
or nearly so. The relatively old age of these faults has been established 
without question; in the writer’s opinion some of them had a pre-Cre- 
taceous origin, and it is even possible that some originated before the 
Franciscan period of deposition, that is, in pre-Jurassic times. Another 
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FictrRe 4.-—Diagrammatic Representation of Folding 


important fact to be taken into account is that the blocks, which were 
produced by this faulting, remained either positive or negative through- 
out long periods of time. 

It is the writer’s belief that folding in the Coast Ranges has been 
largely the result of compression produced along the individual faults 
and that the different blocks folded independently. This conclusion is 
based on the studies of the existing geological maps of the Coast Ranges 
together with field observations. Several cases are presented below. It 
is hoped that experimental work may be done in the near future to test 
the validity of these deductions. 
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Case 1.—The simplest method of folding in the Coast Ranges is illus- 
trated in figures 4, 5 and 6. In figure 4 it is assumed that we had two 
positive blocks made up of crystalline rocks, with a simple graben 
formed between them by two primary faults. It is also assumed that a 
great thickness of sedimentary rocks was laid down in this graben. Now 
if, after the deposition, during a period of compression two forces were 
applied, as indicated by the arrows, one horizontal and at right angles 
to the fault and the other vertical, the resultant would come in between 
them and would give the same effect as though the blocks were being 
thrust in the directions of arrows C and C’.. This would bring about 
the pulling up of the beds on either side and their folding into a syn- 


FiGurE 5.—Diagrammatic Representation of Folding 


cline as indicated in the figure. If the basin were a broad one the de- 
posits in the middle of it would not be affected. 

Figure 5 illustrates a condition where there is a considerable thickness 
of sediments on the two positive blocks as well as in the graben; 5a 
shows the block before folding, and 5b after folding. In this case the 
sediments, which are on the positive blocks, would be dragged down, 
whereas those along the sides of the graben area would be dragged up 
as in case 1. The forces which pulled the beds up out of the graben 
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would be reversed on the positive blocks and the beds would be pulled 
down along the faults that separated them from the graben area. 

It will be readily seen that if a basin is formed along the depressed 
side of a tilted block, at times of compression the beds would be dragged 
up against the depressed side and next to the fault. Thus we would find 
a simple syncline along one side of the block. The beds on the up- 


Figure 6.—Diagrammatic Representation of Folding 


thrown side of the syncline would have the same dip as the tilt of the 
block, whereas on the other side they might be dipping much more 
steeply. Often the drag of this type along a fault brings about the over- 
turning of the deposits. Figure 6b illustrates this extreme case. 

Case 2.—Suppose a positive block next to a negative area, which may 
be either a graben or a tilted block. Assume first that the original posi- 
tive area is crystalline rock. Figure Ya would represent the situation 
before the folding, and figure 7b the condition after folding, provided 
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that there were no sediments on the original positive block. In this case 
the vertical forces next to the fault are downward due to the fact that 
the block was being tilted during the period of compression. The re- 
sultant would be a force opposite to that in case 1. This would bring 


Figure 7.—Diagrammatic Representation of Folding 


about the dragging down of the deposits in the original negative area 
into the fault, reversing the situation that existed in the other case. If 
there were sediments on both blocks, then the sediments on the tilted 
block would be dragged upward and those on the opposite block would 
be dragged downward, as illustrated in figure 7c. 

Case 3.—It is seldom that we find that only two forces have been 
applied to a block, as described in cases 1 and 2. Usually there was a 
horizontal force, parallel to the fault, as well as the one normal to it. 
If this horizontal component were added to one or both of the positive 
blocks we would get a condition very different from those illustrated in 
figures 4, 5, 6 and 7; this is shown in figure 8. If the positive blocks 
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moved horizontally parallel to the fault at the same time that the other 
two forces were being applied, the result would be that instead of drag- 
ging the beds up directly against the fault, as in the other cases illus- 
trated, the deposits would be dragged up obliquely and folded trans- 
versely to the fault. This would bring about a series of synclines and 


FicurE 8.—Diagrammatic Representation of Folding 


anticlines running across the block. This is illustrated by the experi- 
ment described by W. J. Mead in his paper, “Notes on the mechanics of 
geologic structures,” *°! as shown in his figure 12. The complexity of 
the folding would depend on the relative strength of the various forces, 
which would have to be worked out for each block individually. 

As shown in figure 5, if there are only two torces the result would be 
the tilting or folding down of the sediments on the positive block into 
the fault, while the negative block would be folded synclinally. If we 
should assume three forces there would be a series of folds along the 
margin of the positive block very similar to those developed in the syn- 
cline, as illustrated in figure 8. Figure 9 shows a case where there are 
sediments on both sides of the fault line. The folding then results in 
the forming of echelon folds on either side of the fault parallel to each 


11 W. J. Mead: Jour. Geol., vol. 28, no. 6, 1920, pp. 505-523, 12 figs. 
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other. The positive block has been folded as a result of the down- 
dragging brought about by the three forces mentioned above, whereas 
on the negative block we find the same condition except that here it is 
the result of up-dragging, as shown in figure 7. 

In all these cases the folding in the negative areas would start at or 


Figure 9.—Diagrammatic Representation of Folding 


near the fault and work out away from it. We should find the folding 
much more intense in the vicinity of the faults and only in the periods of 
greatest compression would the center of such areas be folded. If the 
block were very wide the center might remain unfolded. 
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Case 4.—It is not necessary to assume that all our major faults broke 
through the surface. In fact we know that this is not so. However, if 
the faults were active underneath a great mantle of sediments, even 
though they did not break through, they would affect the folding, and 
the folding would be the result of the movements on the faults. 

Figure 10 illustrates an application of the principle first described by 


Figure 10.—Diagrammatic Representation of Folding 


W. J. Mead * and used by A. E. Fath *°* in explaining the origin of 
certain structures in the midcontinent. As already noted in the histori- 
cal review (page 813), this principle was apparently first applied in the 


102 W. J. Mead: Op. cit., p. 505. 

103 A, E. Fath: The origin of the faults, anticlines and buried “Granite Ridge’ of 
the northern part of the midcontinent oil and gas field. U.S. Geol. Survey Prof. Paper 
128, 1920, pp. 75-84. 
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Los Angeles Basin by J. E. Eaton.*°* It was also used a little later by 
Ferguson and Willis.‘° Briefly, the idea is that here a series of echelon 
folds is formed on the surface as the result of horizontal movements on 
a buried fault. In this case the folds formed would overlie the buried 
fault in such a way that part of the fold would be on one side of the line 
and part on the other; also the folds would be superficial and extend 
only down to the point where the buried fault last cuts the sediments. 

In the formation of these echelon folds, as shown above, many of them 
will be faulted, which faulting is explained by tension produced in the 
folding. That there would be a tendency for folds formed in this way 
to be faulted by tensional forces was first pointed out by Foley * in 
applying the ideas derived from Mead’s experiments. 

In considering the folding along a buried fault most of the workers 
have not taken into account the deep-seated compression that would 
produce the foldings illustrated in the foregoing discussion. It seems 
probable that unless a great thickness of sediments lay above the buried 
fault the folds produced according to the principles illustrated in figure 
8 would be so shallow that they would not be important in trapping the 
oil. There is no reason to believe but that deep-seated compression is 
still effective even though the fault does not break through to the sur- 
face. If this is so, there would be a tendency for folds to form en 
échelon up to the fault in the buried material, similar to conditions 
shown in figures 8 and 9, whereas in the surface material there would 
be a tendency to form the short echelon folds across the fault as in 
figure 10. The resultant of these two types of forces would probably 
bring a series of folds crossing the fault at quite different angles than 
in the case illustrated by figure 10. One could not predict exactly what 
angle or what type of fold would be the result, but it certainly would be 
quite different from any of the ideal cases illustrated above. 

If an ellipsoid of strain in horizontal section is superimposed in 
proper relationship to the structural features, as has been done in 
figure 10, it is seen that the axis of the fold is parallel to the major 


1% J. E, Eaton: Structure of Los Angeles basin and environs. Oil Age, Los Angeles, 
California, vol. 20, no. 6, December, 1928, pp. 8-9, 52; and vol. 21, no. 1, January, 
1924, pp. 16-18, 52, 54. - 

106 R. N. Ferguson and C. G. Willis: Dynamics of oil field structure in southern Cali- 
fornia, Bull. Amer. Assoc. Petrol. Geol., vol. 8, no. 5, Sept.-Oct., 1924, pp. 576-583. 

16 T,, L. Foley: The origin of the faults in Creek and Osage counties, Oklahoma. 
Amer. Assoc. Petrol. Geol. Bull., vol. 10, no. 3, March, 1926, pp. 293-303. 
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axis of the ellipse, that the buried fault is parallel to a plane of no dis- 
tortion and that any normal tensional faults produced would of necessity 
be parallel to the least axis of the ellipse and at right angles to the trend 
of the fold. 

We can easily see how complicated the folds might be if they were 
first faulted tensionally, as illustrated in figure 8, and then later the 
buried fault should break through. Thus, the fold would be cut into 
four distinct blocks. 
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